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Thiocyanate ion and the chalcogenocyanates (NCO , NCS , 
NCSe and NCTe ions) in general are versatile ambidentate 
ligands. Their ambidenticity is manifested by a large number 
of linkage isomers , synthesised till date. They have played a 
crusading role in solving many ’of the mechanistic problems of 
inorganic coordination chemistry. Furthermore, these ionS 
exhibit bridging properties resulting in the synthesis of a large 
number of oligomeric and polymeric chalcogenocyanabo bridged 
metal complexes, where they have V^een recognized to be a good 
mediator for electron transfer-. Thiocyanate' ion takes part in 
electron transfer reactions by both inner sphere and outer sphere 
mechanisms. Following the continued interest on the chemistry of 
the chalcogenocyanates and their capabilities as bridging ligands 
in di-, t-x'i- and polynuclear complexes, an effort to quantify t-he 
electron mediation properties of the thiocyanate bridge was 
needed. To accomplish this, the synthesis and a detailed study 
of the thiocyanate and selenocyanato bridged complexes of the 
8th group metals, viz., Fe, Ru and Os were planned. 

As a first step, the synthesis and a detailed study of the 

mononuclear thiocyanato and selenocyanato complexes were 

2+ 

undertaken. The linkage isomers such as, [ (NH^) ^RuNCS] and 


[(NHg)5RuSCN]^^, 

C(NH3)gRuNCSe]^'^ 

and- [(NH3)gRuSeCN3 

2+ 

9 

[(CN)gFeNCS]^", 

CCl(bpy)2RuNCS3 and 

CCl(bpy)2’RuSCN3 

and 

[Cl(bpy)2RuNCSe3 

and [Cl (bpy ) 2 RuSeClSI] 

were identified 

and 


vibrational spectroscopy and other 


characterized 


using 
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physicochemical methods. These complexes were latei' reacted with 
appropriate mononuclear units ( [ML^-X]^ where X is^ a labile 

ligand) to generate the discrete binuclear complexeis. Different 
building blocks such as f (NH^) [ (CN) gFe]’^'“ and 

[(bpy) 2 Ru] were used in the process. 

The binuclear complexes were chciracterised by various 

physicochemical techniques such as, microarictlytica 1 methods, 

vibrational (IR, Raman and resonance Raman), electronic 

1 13 

(absorption and emission), n.m.r. ( H and G) and Mossbauer 
spectroscopy and electrochemical methods (cyclic voltammetry). 
All the thiocyanato- and selenocyanato bridged binuclear mixed 
valence compounds exhibited fairly intense intervalence ti'ansfer 
(IT) bands (Eqn. 1): 

hy-j-m 

CLgM(II)-L^-M( IIDLg j [LgMdlD-L^-MdDLgJn't*. . . (1) 

in the near infrared region of their electronic spectra. This in 
combination with the conceptual model proposed by Hush was used 
in evaluating the electron mediation properties of the bridge. 

A few of the several important results, those emerged from 
this study, are: 

(i) In the case of [ (NH^ ) gMCNX] where M = Ru and Os and X 
- S and Se and the coligands are mainly q-donors the X-bonded (S 
or Se) isomers are favored over the N-bonded isomers. If the 
coligands are substituted by t -acceptors, a.s in the cases of 
[ (CN)gFeCNX.l^'' and [Cl (bpy ) gRuCNXl , the N-bonded isomer is 



xi 

favored over the X-- ( S or Ge ) bofided isomers. These results ai'e 
in concordance with the earlier studies. 

(ii) .In the binviclear complexes, the interaction between the 
metal centers via the chalcogenocyanate bridge is suggested to 
occur through a tt -overlap, vis., drrfM) --.3Tt5<< (NCX~ ) -drt(M) . 

(iii) The electron mediation properties of the 

chalcogenoc 3 ^anate bridges in the mixed-valence compounds, as 

9 

obtained .from the delocalization factor, , are intere..sting. For 
example, 

C.ompl.^x 0 ,-^ iX s S.) _CX = S.el 

[(NH 3 ) j.RuNCXBiHn 3 ) 5 ]^'^ Delocalized 

C(CN) 5 FeNCXFe(CN) 5 :j®" 5 . .3 x 10 5.0 x lO"*'^ 

[Cl(bpy) 2 RuNCXRu(bpy) 2 Cl]^^ 1.9 x 10“^ 1.9 x 10"‘^ 

The inference is that the change in the "spectator ligands" (from 
0 -donor to n -acceptor) affects the delocalization of the optical 
electron a.s one would expect. A further point is that the 

interaction between the metal centers could be "tuned" as to our 
requirements by deliberately changing the nature of the 

coligands. This will have large impact on biological electron 

transfer processes, where the driving force (a function of redox 
asymmetry) plays an important .role. 

(iv) The asymmetry of the chalcogenocyanate bi'idge is not as 
manifested as it might look from a pure-ly chemical point of view. 
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The reason for thi^i could be the pseudosymn:ietri c n -overlap iyide 
• The pair of LUMO t '+■ acceptor orbital;.? on the 
c h a 1 c o g e n o c y a n a t e i o n s ( 3 rt* " o r b i t a 1 s ) a r e 1 o c a .1 i s e d m o s 1 1 y f ' > 9 2 % ) 
on the central carbon atom and the contributions .from the end 
atoms, viz., N and S or Ge , are meager. Thus, the rr-overlap could 
even, be thought of as occurring on [M-C--M] unit rather than [M- 
NCX--M] unit. The bridge is more a symmetric one rather than 
asymmetric . 


(v) The anionic nature of the bridge, NCX 
to increase the stability of the mixed-valence 
by a favorably higher contribution from the el 
to the total free energy change of the 
reaction, AG^^. +AG°^^+AG 

A G , . . 

induct 


(X = S or Se ) seems 

species ( cf . Table) 

ectrostatic factors 

comp r o p o r t i o n a t i o n 

° f A G + 

struct mag 


(vi) The difference between thiocyanate and selenocyanate 
ions, as for the tt- acceptor properties ax-e concerned is very 
small. However, the available evidences suggest that the 
selenocyanate ion hcis a favorable edge over the thiocyanate ion. 

(vii) The electrochemical studies of the binuclear 
complexes show that the successive two one-electron redox 
processes occur within a short range of potential. This may be a 
desirable property, as, now one could imagine the thiocyanato 
bridged polymeric coordirnutlon compound.^ to exhibit a 
multielectron redox process within a short range of potential and 
this is a primary requirement for any compound to _act as an 
electrocatalyst for multielectron redox processes such as 
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photodissociation of water, etc. As, the thiocyanate ion acts as 
the bridging: sf3eci<3.s in one -, two- and tiiree dimen-sioncol networks 
of coordination complexe.s, t?ie synthesi.s of the appropriate 
polymeric compounds could be planned in future. 

Details of these experiments and results are px'esented 
in the thesis, the plan of which is as following: 

Section I gives a brief overview of the status (both theory 
and experiment) of the mi.xed -valence compounds. with a stress on 
the Hush model . 

Section II deals with experimental .procedures used to 

synthesize these complexes along with the description of the 
various instrumental methods involved in the characterization of 
these complexes. 

Section III describes the characterization of the linkage 
isomers synthesized in our- study. 

Section IV describes the characterization part- of the 

synthesized complexes using various physicochemical techniques. 

The observed IT absorption data for the mixed-valence compounds 

are treated in terms of the Hush model, to arrive at the 

numerical values of the different parameters, e.g., interaction 

2 

parameter H^g, delocalization factor, a and etc. 

Section V gives a brief summary and a few recommendations 
for the further research'’- 
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SECTION I. GENERAL INTRODUCTION 


1.1 Introduction - Electron Transfer 

Electron transfer (ET) reactions are ubiquitous and are 

main focus of the mechanistic inorganic chemistry. ^ The 

interest in ET reactions stems partly due to the versatile 

variable valency exhibited by transition metals, which plays 

a key role in the catalysis of redox processes in biological 

and chemical systems and partly from our needs to understand 

the vectorial charge transport, unique of several 

2 3 

metalloproteins and the photosynthetic unit. The wide range 
of oxidation states available over a comparatively narrow 
range of energy in transition metals, often makes electron 
transfer reactions facile, both thermodynamically and 
kinetically. The large number of investigations carried out 
till date, do not seem to provide a clear picture of the 
several aspects of ET reactions. Several questions, such as, 
'what is/are the distance dependence on the rate of the ET 
reaction?’ 'what are the reasons for the considerably large 
rates of ET across the so-called insulators, cT-bond 
framework?’^ and 'what is the mechanism by which electron 
transport in metalloproteins occurs over a large ^ distance, 
viz., 25 A?’ etc., are yet to be answered. Nevertheless the 
situation is not so hopeless. 
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The outcome of these investigations has put us in a 
comfortable position in the solutions of a number of problems. 
Thus, the chemical approach to the artificial cells for the 

5 

storage of energy demonstrated recently, ' is an evidence for 

this. Further, a large number of investigations have been 

devoted to excited state electron transfer taking advantage of 

the modified redox behaviour of the reagents in their excited 
6 

states. The one/many electron couple of certain complexes has 

T 6 8 

been efficiently coupled to generate Og , HgO and *^^2 ’ 

respectively from H,,0, OH and Cl and with several organic 
g 

substrates. The catalytic effectiveness of the transition metal 
2 , 2 ’ -bipyridine complexes; in the "water-oxidation" i“eaction with 
large turnover numbers is a well recognised fact now. 

<1.2 Introduction - Chalcogenocyanates 

The chalcogenocyanate ions (NCO", NCS“, NCSe" and NCTe“ 
ions) in general, and thiocyanate ion in particular are the most 
favorite ligands of inorganic chemists since Werner’s time. 
Large amount of investigations, though, have been devoted to 
these classical ligands, they still pose some of the unsolved 
problems of inorganic chemistry. The results of the studies on 
the chalcogenocyanates until 1980 have been compiled in' the form 
of two comprehensive reviews by Norbury^*^ and Jackson a.nd 
coworkers. A few of the important, recently recognized 
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characteristics of the thiocyanate and in general 
chalcogenocyanate chemistry, which have^ given impetus for further 
research, are the following; 

10 '” 2 ? 

(i) The versatile linkage isomerism exhibited by 

thiocyanate and selenocyanate ions with transition metals has' 

been recognized beyond doubts. For instance, the simultaneous 

formation of both the linkage isomers (N- and S-bonded and N- and 

Se-bonded in thiocyanate and selenocyanate ions, respectively) in 

a reaction between a metal ion and the thiocyanate/selenocyanate 

ion has been proved independently by Agarwala and’ coworkers^"^ ’ ^ ^ 

13 ' 

and Jackson and coworkers. ' However, in these reactions the 

thermodynamically stable isomer is favored over the unstable one. 

This is not in agreement with .some of the earlier studies, 

which suggested the formation of only one thermodynamically 

stable isomer. The formation of the thermodynamically unstable 

isomer suggests that the formation of the linkage isomers are 

controlled by kinetic reasons. Under conditions of kinetic 

19 

control, it is observed, by Haim and coworkers and Espenson and 
20 

coworkers, that the thermodynamically unstable isomers are 
formed initially and then they undergo spontaneous isoraeri-zation 
to the corresponding stable isomer. The unstable isomers are 
observed as transient intermediates with lifetimes ranging from 

3 _ 

seconds and minutes (respectively for [(CN)cGoONO] and 

^ »L 2 "t" "1 

[(HgOlgCrNC]"- ions) to hours (for CH20)5Cr5CN3'^ ion).^ 
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(ii) A series of thiocyanate bridged oligomeric ruthenium 

21 

ammine complexes has been reported by Agarwala and coworkers. 
Though, at first the thiocyanate bridge in these ruthenium 

complexes was thought to be weak, it was later realised that it 

was not so. However, a quantification of these results as to the 

nature of the thiocyanate bridge is necessary to understand 
further, the nature of the br'idge. 

(iii) Thiocyanate ion has been recognised to be a good 

mediator in electron transf t-'.r reactions. In fact, thiocycUiate 

ion is one of the two ligands (azide and N-- and S-bonded 

thiocyanates) which cire favorites of the chemists for the study 

of the ligand effects on electron transfer reactions. Several 

important mechanistic features wore first elucidated using these 
19 

ligands. Interestingly, thiocyanate ion participates in 

electron transfer reactions by both inner sphere and outer sphere 
mechanisms. Further, the electron transfer properties of the 
bridge in a inner sphere mechcinism, in general, is directly 
related to its stability. 

(iv) In the light of (ii) and (iii) it is envisaged that ,, the 
thiocyanate bridged oligomeric and polymeric compounds might 

7-9 

have certain parallel implications to Meyer’s oxo- ' and 
pyrazine bridged oligomeric ruthenium-2 , 2 ’ -bipyridine 

complexes, which are used as catalysts in multielectron transfer 

reactions such as "water-oxidation”. In this context, .synthesis 

\ . ' ' ■ 


5 


and characterization of heretofore unknown compounds could be 
important in their own right. 

(v) Another important observation is the very little 


difference 

in the IT -acidities 

of the N- 

and S- end 

coordination 

of the NCS" 

ion to transition 

. 24 

metals . 

Keeping in 

view the 

intrinsic 

chemical asymmeti-y 

of the 

thiocynate 

ion, this 


behaviour is surpri.sing. However, the solution for this question 

9 c: nc 

becomes apparent if one. takes into account the HOMO and LUMO*'^ ' ■" 

of the NCS g.rOup for the ligand M TT-bonding and M -> ligand 

TT-backbonding in the [M-NCS] unit. The HOMO and LUMO orbitals of 

thiocyanate have been comi>uted by several workers using 

25 

semiempir.ical methods. Rabalais and coworkers ■“ suggest that the 
LUMO (3TT*) of NCS ion has maximum contribution from 

the 2p orbitals of the central carbon atom ( > 92%) and the 
contributions from the, orbitals of the end atoms are practically 
zero, i.e., the LUMO is effectively localized on the central 
carbon atom. However, the completely filled HOMO (2TT) of the 
NCS ion has totally opposite shape. Here, the contributions 
from the end atoms are the maximum, while that of the carbon is 
practically nil. Flowever, the participation of HOMO in the TT- 

bonding (L M) is considerably less effective compai-ed to the 

participation of LUMO in the IT "backbond ing (M -> L) . Hence, the 
coordination of NCS ion to metal centers should effectively 

disturb the IT -electron density around carbon atom of the 
thiocyanate group which has been proved by ESCA measurements on a 
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series of tetra- and hexathiocyanato complexes of 
metals . 

It is, therefore, expected that the participation of LUMO of 
the NCS ion in the IT "hackbonding of a thiocyanate bridged 
dinuclear complex should lead to a near-symmetric situation 
rather than an asymmetric one. This, in turn, is important in 
the context of electron transfer properties of a bridge, as the 
redox asymmetry of unit is directly related to the rate 

of electron transfer across the bi'idge.‘''^ Thus, a study of the 

thiocyanate bridged oligonuclear complexes in terms of electron 

/ 

transfer properties of the bridging ligand should be able to 

resolve the extent of participation of the HOMO and LUMO of the 

bridging ligand in the bridging properties. This, in turn, would 

enrich our knowledge about the mechanism of electron transfer, 

28 29 4 29 

i.e., through space, ’ through bond ’ and/or "super exchange" 
98 29 

pathway, ’ apart from giving a quantitative picture of the 

bridging properties of the chalcogenocyanates . 

It was, thus, felt that in continuation to our earlier 

efforts, a study of the bridging properties of thiocyanate and 

4 

selenocyanate ions between two metal centers may be worthwhile. 
The results of such a study form the basis for this thesis.' 

1.3 Electron Transfer in Complex vis-a-vis Simple Moieties 

Over the last two decades, the guiding principle to work 
electron transfer reactions has been the classical theory 
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30 3] 3? 

developed by Marcus,'' - fluuh' ' and ot-hers . ' Flowever. last docrade 

saw a rapid growth of the non-classical aspects, i.e., electron 

3 3 

and nuclear tunneling reactions. These quantum mechanical 

phenomena are critical for understanding many details of the 
inorganic electron transfer and mainly the bio-inorganic electi'on 
transfer x'eactions. 


Two approaches have generally been followed by investigators 

to unravel the mysteries of the ET reactions . The first 

approach involves the study of the electron transfer reactions in 

7 3 

structurally complex metal loproteins and enaymas'"''' with slight 

5 

modifications and in their model 'compovinds. ' Considerably 
interesting results have been obtained by the study of the donor 

■ 4 

spacer-acceptor systems, especially porphyrin- lipker-quinone 

(PLQ) and carotenoid-porphyrin-quinone (CPQ) systems^^ which seem 

to mimic the photodriven vectoricil charge transfer in 

photosynthetic pigments. Studies on '' the Ru-raodified 

metalloproteins such as blue copper proteins^^ and 

cytochrome-c^" suggest unbelievably large i'ates for ET over 

surprisingly large distances, viz,, 10-25 K. The structural and 

conformational aspects of the polyx-^eptide' chains in 

metalloproteins and their role in electron mediation is one of 

3 6 • 

the major questions being probed now. 

Though the results obtained using this approach is 

enormously important, the second approach has solved some of the 

' ' ' ' ' : 3' 3 3. 

fundamental questions about ET reactions. This approach'' ’ 



involves the design and synthesis of discrete donor- .acc eptor 
complexes, especially oligomeric metal complexes with or without 
bridging units and studying ET in these complexes. The different 
possibilities these systems offer, az-e impoi'tant. Foi- example, 
one can vary the driving force for the ET reaction by varying the 
redox asymmeti-y of the metal centez’s , or one can vary the 
distance between the donor and acceptor (both az-e metal centers 
in the case of the oligomez'ic tz'ansition metal complexes) to ■ 

H 

study the distance"" dependence on the rate of the electron 
transfer and etc. 

An overview of the results of the electron tz'ansfer 
reactions, which has emerged by the second approach is given ; 

below. Needless to mention, the terms and symbols which are used 
throughout the thesis are also introduced. 

I 

1 . 4 Mixed Valency 

Though mixed-valence complexes, e.g,, Prussian blue, have 

38 

been recognised for the past two centuries much importance has 

not been attached to it until late sixties. However, a 

reawakening of interest in this az'ea occured during 1967, after 

39 40 

the two important papers by Robin and Day and Hush appeared, 
followed by the deliberate synthesis of the prototype of th^ 
robust mixed-valence complexes, Creuts-Taube complex, [(NH.-j)gRu- 
Pyz-RuCNHg)^]®^ ion (C-T ion)."^ It was then followed by the 
synthesis of a large number of discrete oligonuclear ligand 
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bridged mixed- valenct'. compounds with a 
ligands. The ET properties of 

studied using the intervalence transfer 
photoinduced metal to metal charge transfer 


vciriety of bridging 
these compounds were 
a b s o r p t i o n (IT), a 
( MMCT ) . 


1.5 Hush Model and Robin and Day Classification Scheme 

In his brilliant paper”^^^ Hush offered a theoretical bridge 
between the physical properties of mixed-valence complexes and 
the electron transfer , chemistry in solution. The theory 
developed is as following. A binuclear molecular AB is 
considered in whicVi Ap and Bq represent two metal centers in 
different oxidation steites , 
assumed that p-q = 1. Then, 
can be written as C 1 ) 

^ ^(Ap)y(Bq) 

One electron transfer from A to B produces an excited state, 
which can be written as (2) 

^-Y(Aq)Y(Bp) ' .. (2) 

If these functions have the same symmetry, they can be mixed by 
an off-diagonal matrix element < | ^aB' 

mixing of some ^excited state into the ground state to generate a 


p and q. For simplicity, it is 
a ground state wave function, 


- ( 1 ) 
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rtew ground state; whose wave function could be written as (3) 




(3) 


In terms of MO-theory, when the overlap between and is 
negligible, i.e, Si'' ground state 
with respect to the energy of the unmixed function becomes (4) 



The quantity, is the energy difference betwen the energies of 

unmixed functions 

Zero overlap between and has been assumed for the 

sake of simplicity. However-, in reality, if any interaction 
occurs between ^ and'Y]., > there must be non-zero overlap. Thus, 
this theory is adequate to deal with compounds having a small 
degree of interaction. When the mixing is large, appropriate 
values for overlap integral should be considered. 

Tlie coefficients in (3) are given by 

. (5) 

of zero- 
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interaction the i'atio becomea zero and the oxidation 

states of metals are completely localized and in othex' cases the 
ratio is non- zero. Thus, the value of determines the degree 

of mixing between'^^ and'^-^g. However, if = 0, then from (4) 

E., " R “ 0 and C /C, - 1 . . (6) 

g AB a b 

Under these conditions the ground state is a 50:50 mixture of 
and'^.^. Completely delocalized limit of oxidation states of the 
metal centers repre.sented by (p + q)/2 is the result of this. 

The enei’gy of the excited state, relative to the unmixed 
ground state and the coefficients in (7) are given in (8) 




. 0.5 ^ 4 h’-'h and 


"AB 


(7) 


C^/C^ = ^e/^AB ‘0-5 C R + + 4)^/^] .. (8) 

The electronic transition between these two mixed states is 
termed as "intervalence transition" (IT) and represents a Franck- 
Condon hopping of an electron between the two metal centers. The 
energy of this IT trcinsition (9) is given as Ej,j, (or - E^- 

: [p,q3- [q,p] 


- . (9) 



1 


it may occur anywhere from -very low energy in the near infrared 
to high energy in the vrltraviolet region. 

In a symmetric mixed- valence compound the IT transition 
occurs as shown in (10) 





. . ( 10 ) 


The situation is depicted in Fig. 1(a) in terms of the potential 
energy surfaces of the^ reactant and product. The free energy for 
net electron transfer i.s zero a.s the reactant <-jnd product are the 
same. As M-X di.stance and the solvation spheres around the two 

ions will be different, .after the Fr.anck-Condon transition, the 

II Ifl III 

M ion enjoys the M ' environment and the M ion enjoys the 

environment (hence high energy state). There is, thus, 
activation energy for the optical electron transfer from the 
inner-- sphere i-eorganization outer- sphere 

reorganization (.solvent; non-zero. 

Robin and Day" proposed a classification scheme which 
presents a useful fx-amework for handling these compounds. The 
oC j which is termed as mixing coefficient or the delocalization 
factor and represented by (5) and (6) forms the basis for the 
classification. Totally localized systems were called class 

I, ( oC approaches zero). Totally delocalized systems were 
called class III ((tC- 0.5) while intermediate systems ( «< < 0.25; 




Fig.1 (a) Electron transfer reaction, r_> p in 
terms of potential energy curves (a) 
thermal mechanism; (b) tunneling 

mechanism (c) vertical transition. 

(b) Thermal and optical £T in a symmetrical 
binuclear mixed- valanc© compound. 
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localized with slight delocalization) were called class II. A 
sub-classification of class III called di.screte compounds as 
class Ill-a, while infinitely delocalised solid's we.re called as 
class Ill-b. 

A number of useful relationships relating the IT transition 

3 7 

with the fundamental properties of the systems are given below. 

More detailed discussions on these relationships can be . obtained 

from the original pap?ers . As mentioned earlier, these 

relationships are applicable only to systems with a small mixing 
2 . . 

(o<. , is small), i,e., Robin and Bay class II systems. To begin 
with, the Franck-Condon ma.xiniurn of optical transition is' related 
to the activation energy of tlie thermal transfer (Fig. 1(b). 
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IT band, since its agreement, or the disagreeiment permits one to 

identify whether the complex is well behaved or not towards the 

Hush approach. Fu.rther , the = Ej,p can be equated with the 

Franck-Gondon term E. ( - A. ) and the solvent te.rm E .. ( = A , ). 

in' in' out ■ out'^ 


E 


IT 


E. + E , 
in out 


r A , + A 

in out 


. . (14) 


^in obtained f.rom the metal-ligand vibrations around the 

metal centers. If n is the number of, ligands per metal center 



2f f 

f ■+ f p . g 
p "q 


. . (15) 


where f , d = force constant and equilibrium bond length of the 
^ M-L bond when M is in +p oxidation state. 

f , d ° “ force constant and equilibrium bond length of 
^ ^ the M-L bond when M is in +q oxidation state. 


Using a dielectric continuum model, Marcus developed an 
expression for the solvent reorgani aational energy 


®out = 




---) (--■ 




2 a r D D 

q pq op s 


. (16) 


where a , and a are the radii of the +p and +q coordination 
p q . 

r is the distance separating these spheres and D and 
pq ' ■ , op 
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are the optical and static dielectric constants of the medium. 

The equation (16) suggests that the energ7 of a mixed-valence IT 

transition will be solvent dependent. If the IT transition 

energy, 'Vjm, is plotted against (--- - -the slope provides a 

Dop Ds 

measure of E , and the intercept, a measure of E. . However, 
out i,n 

it should be noted that a class III system shows solvent 
independence because,, both metal center,s suffei- the same degree 
of solvation. 

The magnitude of H^g.is given by 
^AB “ ■'-‘^IT ^'^IT'^^'^IT^ ^ ■ ^IT^^’pq 

Further, equation (1) can also be written as, 

A +(KB ■ ..(18) 

following a LCAO description. Ignoring the overlap integral 

= < V 14^ >, the transition moment for the IT transition is given 

' a ' b 

by 

|m 1 = eo((r^-r^) = ec<R ..(19) 

where r^ and r^ are the position vectors of acceptor and donor 
units and R is the donor-acceptor ' dista.nce. 


The transition 
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moment, is related to the intensity via the dipole strength, D, 
the oscillator streiith, f is the molar intensity via: 

|M| = e 

f = 1.085 X 10“^ D 

. f = 4.6 X 10~^ 6 ^'^1/2 


. . ( 20 ) 
. . ( 21 ) 
. . ( 22 ) 


2 

From these equations one can write thet delocalisation factor, cK , 
as , 


= 4,24 X 10"^ [(^j^v. 


. . (23) 


where R is expressed in A units. If thus calculated, falls 

below 0.0625 limit, then the compound falls in class II category. 

For asymmetric systems for which an energy dif f erence ^ 

(cf. Fig. 1(a)) exists between the two sites, the following 
relationships hold good. 

E - /A4AE r; 2(>AG,’^, )^'^"* .,(24) 

op o th 



(^+ 

4 A 


(25) 


= [16 kT In (2)]~^^T)^^2 ^ 


. . (26) 


4 

Metyer and coworkers suggested that the rate of electr'on 
transfer in a symmetrical complex = 0) can be obtained by 
■(27) (subjec t e d t. o a f e w a s s u m p t i o ns) , 


(27r/h) [IT/ (kT exp kT) ..(27) 

while for a asymmetric complex, 

k^^ = iZTT/h) 

exp - Ae^^)/ 4 kT] ..(28) 


The localised or delocali.sed piture of a particular electron 
transfer event is somewhat arbitrary in the light of the time 
scale of the physicochemical method use;d. For example^ if an 
electron transfer event occurring 10° times pe.r sec. is 'seen’ by 

-15 

electx-onic spectral studies, (time scale '■'10 5 ;) evolves a 

1 5 

localised picture. If the rate of ET is faster, vis., 10 times 

per sec., then electronic spectroscopy ‘sees’ a delocalised 

- 1 7 

picture, but ESGA (time scale ~10 s) would 'see' a localise 
picture ( cf . Table 1.1)1 

The Hush Model is fundamentally a classical model (high 
temperature limit) in which both the inner shell and outei- shell 
reorganizational effects are treated. 
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Table I . 1 . Electron delocalisation in Crents-Taube complex as 
"seen" by various physicochemical methods 


Experimental Technique 

Assignment 

favored 

Ref 

UV-Vis spectroscopy 

Loccil iaed 

41 

Ne_ar-IR, solvent dependence, 

^ 1/2 

Delocalised 

4,.2 , 52va 

IR, Raman spectroscopy 

Con tr o ver s i a 1 

41, 55 

Mossbauer spectroscopy at 

4.2 K 

Localised 

• 56 

ESCA 

Controversial 

57, 58 

NMR spectroscopy 

Delocaliaed 

59 

EPR spectroscopy 

Localized 

60 

Crystal structure 

Delocalized 

61 

Single crystal EPR 

Controversial 

62 

RR spectroscopy 

Localized 

55 

Model Cel Iculat ions 

Localized 

64 


Bordifirl ine case 

43 


Several other treatments emphasising the inner shell have 

appeared; among which the model proposed by Piepho, Krausz and 

43 ^,..,. 

Schata (PKS) has received maximum attention. ' In this vibronic 
coupling model, only symmetric inner shell modes of the 'COuple 
were treated and the surrounding medium is iieiglected. The band 
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maximum, its intensity and shape are iteratively fitted to three 
parameters an electronic coupl.ing parameter , a vibronic 
coupling - parameter and , the wave number of the totally 
symmetric metal ligand stretching vibration (usually fixed as 500 
cm ) . 


Another trea'tment hcis been • given by Bu'khs.’^"^’ In this model, 

both the low frequency solvent modes and high frequency inner 

shell modes have been taben into consideration. For high 

temperature limit and vrhen the Bukhs linewidth 

reduces to the FFush linewidth. Bukhs has provided model 

calculations of band shapes, assuming E. -- 1000 cm ' and r -■ 

in n~L 

500 cm^ , from wFiich E , and fl.^ for both class' II and III 

systems may be deduced. All these three analyses were applied to 

the C-T ion as well as several, other systems. They are in 

excellent agreement as far as the delocalized complexes are 
37 

concerned. Thus "the model described by Bukhs has the virtue 

of completeness but is intrinsically rather unwieldy. That 
proposed by PKS is intuitively appealing, but neglects the medium 

which is the major source of the el'ectron transfer barrie.r 

for many of thei species treated.... Hush treatment remains the 
most powerful cind tractable." 


1.4 Stability of the Mixed-Valence Compounds 

?8a 

For the mixed-valence compounds' ‘' we deal with of which the 
C-T ion is an example, the mixed-valence state (23) is always 
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stable with respect to the isovalent states [(22) + (33)]. The 

.stability of the mixed valence species relative to the isovalent 
ones is reflected in the equilibrium quotient, , for the 

comproportionation reaction (29). 

(33) + (22) 2 (23) ..(29) 

and the stability of the; mixed-valence state expre.ssed as the 
free energy change is given by (30). 

AG° ~ -(RT/2) In (K.,/4) . ..(30) 


The stability- of the mixed valence state when in statistical 
equilibrium (K^ = 4) with respect to the isovalent states should 
be factored out and the rest of the stability represented by G'^ 
in (30) is constituted by several factors ( vide supra ) . 
However, the important experimental problem is concerning with 
the evaluation of' the valxaes. This can be done using 

electrochemistry. If and represent the two potentials 

governing the sequential reduction (31); 


e/' 

(33) (32) (22) 


(31) 


then 


log = 16.9 (E - E,,^) 


o 


. . (32) 
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The difference -- E,,^) can be determined accurately using 

cyclic ^ voltarametric or differential pulse polarographic methods 
for large values, e.g. (E/''* - En^^) > 200 mV. However, the 

situation is conipletcily different when -> 4, i.e., 

statistical value.. The separation between the signals of the two 
sequential steps is too small that they merge together to sliow a 
single process. Taube cind coworkers have used I'ecently two 
different methods to evalu.ate values, especially for the 

cases whex'e < 200 mV. The K values obtained by them were by 

and large within a ^ 0 % error limit. TVie details of the methods 
can he found in tht? original papex'S . Effect of the bridging 
ligand structure on the values of K, for [ (NH) ^Ru-L. -Ru(NH„) 
is illustrated in Table 1.2. The stability o.f the mixed-valence' 
species after allowance for statistical fiictoxrs (K^ ~ 4) can be 
attributed to sevex'al factors, the x:elat.ive contributions of 
which can not be ascertain.ed quantitatively. . These 

are as follows: (i) stabilisation due to the delocalisation of 

the optical electron, (ii) stabilisation due to structural 
changes in going from isolvalent to mixed-valence moieties, (iii)' 
stabilisation due to purely electrostatic factors, (iv) variation 

Ilk 

in the magnetic interaction between two paramagnetic centers via 
a superexchange pathway could also affect tiie stability and (v) 
the inductive effect of the -^3 charge discussed' by Taube and 
coworkers^'^^ ’ . Thus, 


AG 


tot 


AG j T + AG 

dal coul 


•+■ AG , 4 AG + 

struct mag 


AG . 


indue 


. . (33) 
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able 1.2: 


Effect of Bridging Ligand Structure on Cornpro- 
portionation .Con.5t.'<nt Value.s in [ ( NH, )c Hu-BL- 
Ru ( stern . 


Bridge 


K. 

IT ,raax o 

(kK') (M cm”'.) 


N=N 

9,8 (1400) 

"10 

NC— CN 

7.0 ( 410) 

10* 

t-Bu 

1 



1 

/\ 

NC CN 

8 . 5 f 16000) 

>io' 

N, N 

V/ 

6.4 (5000) 

10 

n'^n 

u 

7.15 (41) 

300 

K 

10.3 (6) 

"40 

/\ 

s s 

V 

8:2(86) , 

890 

r? 

s s 

8.3 (80) 

< 10 


u 



4 w 


Zlt 


10.8 (45) 125 


5 .9(4000) 


4x10"^ 


/ . 
5 . 


62f - ) 
14(670) 
65(800) 



9.7(920) 



12.. 3 (.30) 


7 


10 . 9 ( 1010 ) 


-26 
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The con tribiA't ions of all of these terms have been evaluated in 
the past . 


1.5 Electron Deloalization in Mixed-Valence Compounds 

The mixed-valence molecule is a moldel for the precursor 
complex of an intramolecular electron transfer reaction and the 
results of the studies on these could be directly utilised to the 
understanding of electron transfer processes in general. Large 
number of investigations , theoretical or experimental, have been 
devoted to the extent of electron delocalization between metal 
centers. ’ The delocalisation could be explained using the 

simplest of the known mixed-valence molecules, viz., Hg - 

4 - 

Eventhough, H,, gains large stabilization due to the electronic 
delocalisation, it differs much from the mixed-valence molecules 
of our concern in the following ways; (i) there is direct orbital 
overlap in H,, ; direct overlap of the metal .ion orbitals is not 
po.ssible as they a.re separated by large distances by bridging 
units and (ii) there is no charge trapping by the medium; Hg > 
which is stable only in the gaseous phase cind is not stable 

4 “ 

compared to [H^O + H] in aqueous solution. Especially, when 
molecular units of higher dimensions . are considered, the medium 
has a key role to play. 

The main concern of the investigators in recent past was 
to make a quantitative understanding of 'the extent of electron 
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9 8a ’ 

delocalisation in mixed-valence compounds.'" Another point 

that received the maximum attention wa.s how to relate the 

extent of electron delocalization to the molecular and the 

electronic structures of tlie bridging units. In fact, an 

unambiguous mechanism for the electron transfer via the 

28 

bridging ligands is not available. Different pathways such 

as, 'through-space’, 'through-bond’ and 'superexchange’ or a 

compromise of all these to different degrees have been 

suggested and each one of these pathways have their 
37 

evidences. 


1.6 Role of Bridging Ligands in Electron Mediation 


The delocalisation parameter is determined by and 

(cf. Eqns . (5) and (8)). is presumed to be x-elated to the 

difference in the site potentials' around the sites of different 

valencies and hence to the structure of the species. The other 

term, light of the bridging ligands is considered in 

this section. The problem of the role played by the bridging 

ligands* has been addressed by Day and coworkers as early as 

38 


1974 


The following is the treatment given by Mayoh and Day. 


Two metal centers A and B with orbitals and 


are 


separated by a bridging ligand BL with a HOMO and LUMO, 4 ^-^ and 
, respectively. . Assuming non-degeneracy of the orbitals, the 

i » 9 9 

ground state configuration could be expressed in 

determinental form as 
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(34) 


and the IT charge transfer configuration, 
function 




a wave 


% " "OS) 

They can interact to generate new ground and excited states 
given by 


Vq = (1 - .. (36) 

(1 - .. (37) 

As the IT bands have appreciable intensity, there has to be an 
interaction betwen ^ and eventhough they are far apart, viz. 

>5 K. Hence 'Ipcal charge transfer states’ can be invoked, in 
which electrons are transferred to and from the bridging ligand. 
Thus, the transitions, 
determinental wave functions, 

t3 

could mix with the ground- and excited-state wave functions. 


4t X-g with 


(38) 
( 33 ) 
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Using a second-order perturbation treatment 


[ El — £o^ ^ - Eo) 

fi = t 

where :: thus' one could calculate <?<. or jS> , 

is a measure of the electron delocalisation, from 
equations. Calculations of this kind yielded values of &<_ 
is in good agreement with the observed intensity of 
band.^"^’^® 


- (40) 

- (41) 

which 
these 
^ which 
the IT 


49 

Recently, Ondrechen and covrorkers have developed a three 
site model, which explicitly involves the bridging ligand. This 
treatment, while assuming the coupling between the electronic 
states of the metal centers and that (H orbital) of the 
bridging ligand, omits the direct overlap of the orbitals of the 
metal centers. A Hamiltonian is presumed, using which the 
Schrbdinger equation solved yields differe'nt conditions for class 
II and III systems in terras of J, the coupling integral between 
metal and bridging ligand. Though this model is undoubtedly an 
improvement over all the models discussed thusfar, it too is 

inadequate in explaining several of the experimental 

V 4 ..! 28a 

observations. 


Despite the inadequacies of the theoretical models, ther.e 
seem to evolve a few generalizations from the experimental 
approach in understanding the role of the bridging ligands in the 
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mediation of the optical electron. Most of these are based on 

the studies on Ru ( TI ) /Ru ( I II ) ammines v-yith variety of bridging 

1 . , 28a 

iigands . 

(i) The electronic interaction decreases exponentially 
with the increase in number of atoms in the b.rid.ging ligands. 


(ii) Smaller bridging 
capabilities genei'ally mediate 
Ng, (CN)^ and etc. Howerver , 


ligands with TT- donor/acceptor 

2 - 

strong interaction, e,g. 0 ion, 
in the case of I’arger ligands such 



and etc., the extended configuration though 


facilitates interaction, is insufficient to couple the metai d™ 
orbitals strongly. 


(iii) 

Saturatec 

1 cf-bonds between 

the coordinating 

sites 

of organic 

ligctnds 

couple the metal 

centers weakly, 

e. g. , 


mediates 

a stronger- interaction between 

metal 


orbitals than that of 
is less than that via 

(iv) For disubstituted aromatic bridging groups' (e'.g. , 
dicyanobensenes , diazabenseries ) 'the stronger electronic 
interaction occurs with ortho - and para- - isomers. 



Qualitative and quantitative explanations for the above 
generalizations have also been offered. Table I .3 summarizes 



Table 1,3: Parameters obtained for some of the representative compounds. 
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some of the results obtained for different mixed-valence systems. 


1.7 Chalcogenocyanate Ions and Electron Transfer 


- ?7 50 - 51 

Though several small molecules such as CN ^ ’> and Cl 


5? 5"^ •?-7-Q*i4 

ions, ■' and (CN)„ ^ " moieties and 0“ ions have 

been used as bridging ligands in mixed- valence compounds, 

thiocyanate ion and in. general the chalcogenocyanate ions da not 

find a place in this list, despite its crusading role in solving 

1 9 

many of the mechanistic problems of inor-ganic chemistry. 


The problem, thus, defined was approached with (i) the 

systematic synthesis of a few thiocyanate and selenocyanate 

Y1 4- 

bridged mixed-valence complexes with mainly [ gRu] , 

C(CN) 5 Fe]^” and [(bpy),Ru]^^ building' blocks and (ii) physical 
characterization of these new compounds and the electron transfer 
studies on them using the intervalence transfer band (IT) and the 


Hush model. 



SECTION II. EXPERIMENTAL DETAILS 


2.1 Introduction 

In this section the different experimental methods are 
discussed. Materials, solvents, synthetic methodologies for 
pentaammine- , . pentacyano" and bis (bipyridine ) ruthenium compounds 
and the details of the physicochemical methods used for 
characterization of these comiJounds are discussed. 

2 . 2 Materials 

2.2a. Chemicals 

All the chemicals used were of chemically pure or analaE 

grade. [ (NH 3 ) and [(NH 3 )gRuX]X 2 (X" = Cl" or Br") were 

00 

prepared by the published procedures. Sodium salt of the 

amminepentacyanof errate( II ) trihydrate was prepared by the 

67 08 

standard procedure, purified” and dried to constant weight 

69 

over KOH, which absorbs alcohol but not ammonia. A strong and 

sharp signal in the infrared spectz-ura at 1245 cm , due to the 

^(NH.~), was used as a diagnostic for the presence of ammonia 
So 

70 

molecule in the compound. The starting complexes for the 

synthesis of the chalcogenocyanate bridged Ru-2, 2’ “blpyridine 

717? 

complexes, viz. , cis- [ (bpy ) gR^^Glg] . 2 H 2 O, ’ . [ (bpy ) gBuNOCl]- 

71 79 7 T 

(PFg )2 ’ and [ (bpy ) pRu(NO) (NOg ) ] (P.Fg ) g , were prepared 
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using the methods described by Fergusson and cowork- 
72 71 

ers and Meyer and coworkers. ' These compounds were purified 
as described in the literature. 

Commercial grade sodium-, potassium- and ammonium 

thiocyanate, potassium selenocyanate (Fluka AG), potassium 

azide (AR grade), ammonium hexaf luorophosphate (LR grade, 

Janssen Ghimica), sodium tetraphenylborate (Sisco), sodium 

perchlorate (Riedel), tetraphenylphosphonium chloride (Aldrich) 

and rubidium chloride (S.D. Chemicals) were procured and used as 

such. Hexaf luorophosphoric, acid, 60 weight % solution in water 

(Janssen Chimica) was used wherever mentioned. Ion exchange 

resins Dowex 1-X8 (100-200 mesh) in the chloride form and « Dowex 

50W-X8 (200-400 mesh) in the H form wez-e procured from Bio-Rad. 

Sephadex G-10 (40-120^), Sephadex G-25 (20-50^) and Sephadex 

LH-20 resins for gel filtration and neutral alumina for 

adsorption chromatography were obtained from Pharmacia 

Fine Chemicals ■ and S. ' D. Chemicals, respectively. 

Tris(bipyridine)iron( III ) hexaf luorophosphate was prepared as 

8? 

described earlier. " Ce(IV) perchlorate solution was prepared 

76a 

from Ce(IV) hydroxide and 6M perchloric acid and analysed 

spectrophotometrically . Cr(II) solutions in perchloric or 
hydrochloric acid were generated by the reduction Cr(III) 
solutions using zinc. 



2.2b Solvents 


Doubly distilled water was used for 'the synthetic purposes 

and spectroscopic measurements were carried out using triply 

distilled water. All the other organic solvents were dried, by 

73 

the standard procedures and distilled before use. 


2.3 Physicochemical Methods 
2.3a Chromatography 

Chromatographic separiition was used as the primary 
purification procedure. Gel filtration, using the difference in 
the molecular weights of the compounds, in aqueous medium was 
carried out on Sephadex G-10 or Sephadex G-25 column (50x1.5 
cm). Sephadex LH-20 .resin with , appropriate organic solvents 
was used for the purification of the compounds, which are 
soluble in organic solvents. The column preparation'^'^ was 
cax'ried out as follows: An app.roximately weighed amount of the 

appropriate re.sin was allowed to swell overnight in appropriate 
solvent. The swollen resin is transfe.rred to the- column (50x1.5 
cm), which was washed well with the solvent. 

The ion exhange columns were xegeneratai using dilute 
hydrochloric acid or IM sodium hydroxide solution. After 
re.generat'ioh the column was washed extensively with water for 
the absence of the acid or base. 
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73 

Adsorption chro.matog'.raph 7 using neutral alumina was used 
for the purification of the ruthenium bipyridine complexes. The 
column dimension was 50x3 cm. 


2.3b Microanalysis 

Carbon, hydrogen and nitrogen present in the samples were 

analysed by the Hicroanalytical Section, Kanpur., 

Halogen and sulfur present in the samples were analysed as 

silver halide and barium sulfate, ■ respectively after decomposing 

the .known amount of the sample using 1:8 mixture of sodium 

75 

nitrate and sodium hydroxide. Selenium was estimated by 

oxidizing to selenate, followed by reducing it to selenite by 

boiling with concentrated hydrochloric acid and finally to 

76 

selenium powder by hydroxylammonium chloride. 

2.3c Vibrational Spectroscopy 

Infrared spectra were obtained by using Perkin-Elmer 
Model-580 or Model-1320 .spectrophotometer. Samples were 
prepared as potassium bromide pesllets. Spect.ra for some of the 
compounds having pentacyanof errate moiety were recorded in a 
nujol mull. Vibrational spectra in the region 600-200 cm ^ were 
obtained using cesium iodide pellets. The resonance Raman 
spectra were obtained using the Spex spectrometer described 
earlier. Samples were taken in 1 mm i.d. capillary tubes. 
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The scattered radiation observed at right angles was dispersed 
in a Spex 1403 double monochromator equipped with a cooled 
photomultiplier tube (C-31034) and a Spex digital photon 
counting system, DPC~2. Slitwidths used were in the range of 3- 
10 cm The relative irfensities of the vibrational bands were 

obtained by comparing the intensities of the bands with that- of 
the l^CCN) band of the acetonitrile solvent at 2249 cm 

% 

2.3d Electronic Absorption and Emission Spectra 

Absorption spectra in the UV-vis region wer-e recorded 
using Shiiitiadsu Model UV-190 double beam spectrophotometer. Near 
infrared region of the spectra were probed using Cary Model -17D 
or Hitachi Model MU~3400 spectrophotometer. Sample solution and 
reference solvent were taken in 1 cm matched quartz cells. The 
extinction coefficients were calculated by recording the 
absorbance for atleast two different cocentrations of the 
solution. 

2 + 

The emission spectra for the [ (NHg) ^RuNCS] , 

[ ('NHg ) gRuSCN] ion.s and the 2 , 2 ’ -bipyridine ruthenium complexes 

were recorded, at the first instance, on an indege.nously 

assembled scanning spectrof luorimeter described earlier by Dogra 

79 

and coworkers. The excitation of the bipyridine-ruthenium 

complexes using 150 W Xe~Hg lamp at different wave lengths 
(those overlap with the MLCT.S of the compounds) and detection 
using IP-28 photomultiplier tube did not yield any emission 
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signal. Thus, the sensitivity of this instrument was taken as 
the upper limit of -for the emission, present, if any. 

4 * 

However, excitation using Ar ion laser lines (Spectraphysics 

165-09) and detection using a cooled PMT (C- 31034) of the Spex 
77 

spectrometer, described earlier, yielded the emission maxima. 
The val\.ies for the quantum yields of the emission could not be 
evaluated accurately by this technique. also, as the samples 
underwent loceil bu,rn.i.ng due to the high power exciting laser. 


2.3e Mbssbauer Studies 

Mbssbauer spectra of the iron compounds were obtained 

57 

using a constant acceleration drive with 15 mCi Co source 

obtained from New England Nuclear Co. The data were shored in 

a Canberra S-80 multichannel analyser. The experimental spectra 

were least squates fitted fo.r Lo.rentzian line shapes using a 

80 

computer program, MOSFIT, described elsewhere. ’ The 

spectrometer was calibrated using natural iron. 

2.3f Magnetic Measurements 

Magnetic moments at room tempertihure were obtained using a 
Guoy balance. HgCCo(NCS)^] was used as the reference. 
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2 . 3g Nuclear Magnetic Resonance Spectral Measurements 

ninr spectra in DMSO--dg were recorded using Bruker 

1 3 

WP-80 instrument. Tri^ils to observe the resonances for 

thiocyanate and selenocyanate groups using Bruker WM-400 
13 

instrumentC. C at 100 ,MHa) failed due to insufficient solu- 
bility of these compounds in solvents such as Dr,0, DMS0--d^ etc. 

3 6 


2.3h Electrochemical Measurements 

The redox potentials of the compounds were determined by 
cyclic voltammetry. The CV measurements were performed using a 
three electrode potentiostatic circuit and a MPI Model MP-1042 
Voltammetry Controller' and Plotamatic MF 715 X-Y recorder.. A 
Beckman Pt-electrode , a Pt-wire counter electrode and saturated 
calomel electrode constitute the th.ree electrode assembly. 
Potassium nitrate was useid as the supporting electrolyte for 
measurements in aqueous solution while, tetrabutyl ammonium per- 
chlorate or tetraf luoborate was used as ■ the supporting 

electrolyte in non-aqueous medium. Junction potentials were 

3 4 1 ) 

eliminated'’ by using a salt-bridge constituting the same 

concentration of the base electrolyte as that of the bulk 
solution and it was positioned between the bulk test solution 
and the reference electrode. All the potentials are referenced 


to SCE.. 
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Pentaammlneruthenlumdl/IIl) 

2-4a [(NHjJgHuSCNJXg and [ (NHj) gSuHOSlX^ (X" = Br', l" and 
CIO/ 


A typical reaction in carried out as follows: An aqueous 

solution (5-10 .t.L) of approxiaiately 10 times the stoiohiometrio 


excess of ammonium thiocyanate was added to an aqueous solution 
(15-20 mL, of [(HHgl^RuXlX^ (X - Cl' or Br") (0,2 g) maintained 
70 75 C. The solution was stirred until the color of the 
reaction mixture turned bright red (1-2 h). The resulting 

solution was cooled to room temperature and filtered into a 
saturated aqueous solution of the corresponding anion (potassium 
iodide, sodium perchlorate or sodium bromide). The reddish 

violet precipitate was filtered and washed several times with 

0thanol 3nd with ©th^ir. 


^The saturated aqueous solution of this crude product was 
sorbed on to a column of anion exchanger in Cl~ form (20x2 cm). 
It was eluted with water. The cationic portion thus collected 
with the effluent was transfe.rred on to a column of Sephadex 
0-10^(50x1.5 cm). The compounds were elated with a very dilute 
(10 M) aqueous solution of sodium bromide or potassium iodide. 
With a very olow elution rate ( ' 5 mL per, h) clear separation of 
three bands was observed. The bands were eluted separately and 
the effluents were co.ncentrated at room temperature. A 
saturated solution of the anion was added to the first, second 
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and third band concentrates to precipitate [ (NHg ) gRuSGNjXg , 
[ (NH 3 )gRuNCS]X 2 and [ ( ) ^Ru (NCS ) 2 ]X, respectively . 

The same reaction, when cari'ied out at lower or higher 
14 15 

temperatures, ' is known to give oligomeric and polymeric 
products, respectively. 

Anal, for [ ) gRuSCN] Br^ (red): 



Calcd 

. C, 

2.97; 

H, 

3.7: 

1 ; 

N, 

21.04 

; Br, 

39. 


Obsd . 

c, 

3.1! 

5; 

H, 

4 . Oi 

3; 

N, 

20 . 85 

; Br, 

40 . i 

[(NH 3 

)^RuSCN]I,, 

( red 

V i 0 ! 

let 

): 








Calcd . 

C, 2. 

,41; 

H, 


. 01 ; 

N, 

16 

.87; 

I, 51. 

00 . 


Obsd . 

C, 2, 

. 35; 

H. 

2 . 

. 85; 

N, 

17 

.07; 

I, 50. 

55. 

[(NH 3 

)gRuNCS]Br2 

( red ) : 










Calcd. 

C, 2. 

.97; 

H, 

3. 

.71; 

N, 

21 

.04; 

Br, 39 

.60 


Obsd . 

C, 2 . 

, 95; 

H, 

4, 

.15; 

N, 

21 

.44; 

Br, 39 

. 30 


[(NH 2 )gRuNCS]l 2 (red violet): 


Calcd. 

G, 2.41; 

H, 

3.01; 

N, 

16.87; 

I. 

51.00. 

Obsd . 

C, 2.22; 

H, 

3.43; 

N, 

17.20; 

I, 

51 . 43 . 


2.4b C(NH3)5 RuNCSRu(NH 3)5]X5 (X" = Br , I and 

0104“) 

An aqueous solution of 1:1 stoichiometric mixture of 
[(NHg)5RuSCN3Br2 (0.202 g) and [(NH 3 )gRuCl]Cl^ (0.146 g) was 
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stirred with 2% Zn--Hg amalgam and 10 M hydrochloric acid 
under dinitrogen atmosphere. The solution was filtei'ed from 
the amalgam when it turned light yellow. Air was bubbled into 
the soliition, the color of which immediately changed to bright 
red. A saturated aqueous ■ solution of the anion (potassium 
iodide, sodium bromide or sodium perchlorate) was added to 
precipitate the crude prodvict of the dimer. The deep pink 
colored crude product, when passed through Sephadex G-10 column 
(50x1.5 cm.) yielded a single band. The effluent of this band 
was concentrated at .room temperature and the pure dime.ric 
compound was precipitated by adding the approp.riate anion. The 
compound was washed with ethanol and ether. 

Anal, for [ (NHg ) gRuNCSRu ( NH^ ) ^^3 (deep pink): 


Calcd . 

c, 

1.13; H , 

2.82; 

N, 

14.46; 


3.00; 

I . 

59.62. 

Obsd . 

c, 

2.05; H, 

3.23; 

N, 

14.70; 

c 

2.85; 

I, 

60.08. 


2.4c C(NHg)5RuNCSRu(NHg)53X^ (X' = Br“ or CIO^") 

Aqueous solutions of stoichiometric (1=1) amounts of 
[(NHg)gRuN23Br2 (0.187 g) and [(NH 3 )gRuSCN]Br 2 (0.202 g) in 
15 mil each were mixed. The resulting solution was stirred for 
about 14-15 h eit room temperature (~37*^C), whereby the color of 
the solution turned from red to reddish yellow. It was 

filtered and excess of the anion (sodium bromide or sodium 
perchlorate) was added to t,he filtrate. The precipitated reddish 
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brown compound was filtered, washed with ethanol and ether. 


Anal, for 


[(NH,,)c^RuNCSRu(NH^ 
Calcd. C, 1.60; H, 
Obsd. C, 1.79; H, 


5 -'*-^■^4 



0 

0 

N, 

20.53; i 

4.44; 

N, 

20 . 20 ; t 


42.66; S, 4.27. 
42,65; S, 4.65. 


2.4d C(NH3)gRuSeCN]X2.2H20 and [ (NHg ) gRuNCSeDXg . 2 H 2 O (X = l", 

CIO^ , Cl or Br ) 

The-ise compounds were prepared by a procedure similar to 
that described in 2.4a. The following points should also be 
taken inbo account while preparing the complexes: (i)' 
potassium selenocyanate was used instead of ammonium 
thiocyanate; (ii) the reaction mixture was stirred at 55-60°C 
for 10 min whereby a deep blue^ solution resulted along with a 
little Se powder, which was filtered off; (iii) stirring for 
longer periods deposited Se powder in lc\.rge amounts; (iv) the 
solutions were preserved at 0*^C, if necessary; (v) the reactions 
and workup procedures vrere car.ried out in a acid free 
atmosphere as the SeCN is decomposed to deposit Se powdex'; (vi) 
the first band from the sephadex column yielded the Se-bonded 
isomer while the closely following second band yielded the 
■N-bonded isomer. 

Anal, for [ (NH,, ) .RuSeCN] - 2H„0: 


Calcd. 

C, 

to 

0 

H, 

3.27; 

N. 

14.45; 

1, 

43.72; 

Se , 

.13.60. 

Obsd . 

C, 

1.93; 

H, 

2.95; 

N, 

13.95; 

I, 

43.44; 

Se , 

13. 55, 



43 


[(NH2)gRuS 

eCN] (CIO^ 

) 2 ■ 

2H„0: 


Calcd. 

c, 

2.30; 

H, 

4,. 12; 

N, 

Obsd . 

c, 

2.26; 

H, 

4.10; 

N, 

[(NHg)gRuNCSe]l2. 2H 

pO .' 



Calcd. 

c, 

2.06; 

H-, 

3.27; 

N, 

Obsd. 

c, 

1.87; 

H, 

2.84; 

N.' 

C(NH3)gRuNCSe] (CIO^ 

^2’ 

2H,,0: 


Calcd. 

c, 

2.30; 

H, 

3.62; 

N, 

Obsd . 

C, 

2.59; 

H, 

4.19; 

N, 


16, 

.00 ; 

Se , 

15. 

, 11 . 

16. 

.10; 

Se, 

14. 

75. 


14 . 45; 

I. 

43.72; 

Se, 

13.60 

13.30; 

I, 

43.74; 

Se, 

13.41 


16.00; 

Se , 

15.11 

15.85; 

Se , 

14.86 


2.5 Synthesis of Compounds with Pentacyanof errate( Il/m ) 
Units 

2.5a C(CN) 5 FeNCS]^“ Ion 

The compound was prepared using the, procedure reported by 
17 

Gray and coworkers. Tet.ra n-butyl ammonium and tetraphenyl- 
phosphonium salts of the compound were prepared. These 
compounds could not be analysed satisfactorily. However, the 
infrared spectrci exhibited the bands corresponding to the 
cations and anion. 

2.5b [{CN) 5 FeNCSe]^' Ion 

It was prepared using the procedure reported by Gray and 

,1 *7 ■ 

coworkers, with slight modifications., NagEFeCCIDgCNHg) ] . SHgO 
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(0.47 g) , PPh^^Cl (1.3 g) and KSeCN (0.24 g) were stirred for 4-5 
h in 50 mL of 3:1 acetone and water mixture. The resulting 
solution was concentrated at reduced prssure at room 
temperature. The resulting residue was recrystallized from 
acetone/ether to produce blue violet microcrystalline product. 
This when passed through Sephadex LH-20 resin yielded a single 
band . 

Anal, for (PPh^ ) 3 [ ( CN) gFeNCSe] : 


Calcd. 

c, 

71 . 56; 

H. 

4. 59; 

N, 6.42; 

Se, 

6.04 

Obsd. 

c. 

71.90; 

H. 

5.05; 

N, 5.98; 

Se, 

6.45 


2.5c [(CN)gFeNCXFe(CN) 3 ]® Ions (X = S or Se) 

A typical reaction to prepare the binuclear complexes was 
carried out as follows; Air was stirred into the solution of 
sodium amminepentacyanof errate( II ) trlhydrate ( ca . 2 mmol) in 
15 mb of water for 15-20 min followed by the addition of 5 mL 
aqueous solution of sodium thiocyanate or potassium selenocya- 
nate ( ca . 1 mmol). The color of the, solution immediately 
changed to green. Air was bubbled overnight through the 
reslting mixture effecting the intensification of the green 
color. The stirring of the solution was continued until dark 
yellow or red brown components of the solution disappeared. The 
solution was filtered through a fine porosity sintered crucible 
and was sorbed on to a column of Sephadex G-10 (40x2 cm). The 
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compounds were eluted with water. With a slow enough elution 
rate (0.5 mL per min), clear separation of two bands was 
noticed. The large greenish yellow first band and the blue 
second band (in smaller amounts) were eluted sepai-ately and 
concentrated at room temperature. At higher temperatures, the 
compounds ■ decompos-ed to give a dark blue, insoluble polymeric 
product. Excess methanol and acetone mixture (4:1, v/v) was 
added to the concentrates with stir.ring. The precipitated 
Na [(CN).FeNCSFe(CN) ].xH,,0 and Na„[ (CN) ^FeNCS] . x.H,,0 or, the 
corresponding sodium and potassium salts of the selenocyanate 
analogs, re.spectively , from the first and second bands were 
filtered. They were washed extensively with methanol and 
acetone and dried over calcium chloride. Yields: 60 and 10- 
15%, respectively, from the first and second bands for the 
thiocyanate case and 70-80 and 5-10%, respectively , from the 


first and second bands for the selenocyanate case. 

The acid salts of the compounds C(NC)pFeNCXFe(CN)r]^~ (X = 
S or Se ) were prepared by passing the respective solutions 
through the cation exchanger in hydrogen cycle. The deep blue 
colored acid salt was eluted with water and was neutralized 
with the appropri^lte base to pH 7 and on removing the solvent 
water at low ' pressure , yielded the salts of the corresponding 
cations. Thus, neutralization with sodium cai'bonate, potassium 
carbonate, tetraethylammonium hydroxide and tetrabutylammonium 
hydroxide yielded the corresponding sodium, potassium, 
tetraethylammonium and tetrabutylammonium salts, respectively. 
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These salts were washed extensively with acetone and dried under 
vacuum over calcium chloride. 


Tet.i'aphenylphosp?ioniutri and rubidium sa.lts of the dimei'ic 
• anions were also prepared. An excess of PPh^Cl in 20 mL of 1:2 
(v/v) wate.r to ethanol was added to an aqueous solution of the 
sodium salt of the dimer. Slow evaporation over a period of a 
few days yielded green microcrystalline tetraphenylphosphonium 
salt of the dimeric compound-s . The procedure; to prepare the 
rubidium scilt was the same as that given for the PPh^"^ salt, 
except thi'it .an aqueous sol.ution of RbCl was used in the place of 
PPh^Cl. TVie compovuids we.r'e Wt\shed with acetone and ether and 
dried over calcium chloride. More of the rubidium salt can be 
precipitated from the mother liquor by adding excess of methanol 
and ether mixture with stirring. ■ 


Anal, for (PPh^ ) ^ C ( CN ) ^FeNCSFe ( CN) g] . 8 H 2 O 


Calcd. 

c, 

69 . 

28; 

H, 

5. 

11 ; 

N, 

6 . 

79; 

s, 

1.41; 

Fe, 4 

.94. 

Obsd. 

c, 

69. 

48; 

H, 

5. 

16; 

N, 

6 - 

06; 

s, 

2 . 01 ; 

Fe, 4 

.55. 

^) 5 C(CN) 

gFeNCSeFe 

(CN) 

5^ 

.6H, 

1 








Calcd . 

G, 

66 . 

95; 

H, 

4 . 

91; 

N, 

6 . 

75; 

Se, 

3.47; 

Fe, 

4 . 91 . 

Obsd. 

C, 

69 . 

10 ; 

H, 

5. 

11 ; 

N, 

6 . 

56; 

Se, 

3.45; 

Fe, 

4. 80. 

CN)gFeNCSFe(CN)g 

].H2 

.0 









Calcd. 

c. 

15. 

.06; 

H, 

0 . 

22 ■ 

N, 

17 

.58; 

S, 

3.65; 

Fe, 

12.79 

Obsd . 

c, 

1 5 . 

04; 

H, 

1 . 

71; 

N, 

17 

.50; 

s , 

3; 60 ; 

Fe , 

12.45 
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Rbg[(CN)gFeNCSeFe(CN)p^ ] . 2HpO 


Calcd. 

C, 14.03; H, 

0 . 43 

N, 

16.37; 

Se , 

CD 

CO 

CD 

Fe, 

11.90 

Obsd . 

C, 13.68; H, 

1.84; 

N, 

16.41; 

Se, 

8.01 ; 

Fe, 

11.55 


2.5d [(NOgFeNCXFeCCN)^]'^ ions (X = S or Se) 

Sodium ammi.nepen'tacyanof errate ( II } trihydrate ( ca . 2 mmol) 
and sodium thiocyanate or potassium selenocyariate ( ca . 1 mmol ) 
were mixed simultaneously in degassed water under dinitrogen 
atmosphere. The solution was stirred for about 10 h. The 
resulting pale yellow solution was filtered into an excess of 
methanol and acetone mixtu.re (4:1, , v/v) . A bright yel.low 
precipitaito obtained, was filtered, wa.shed extensively with 
acetone and dried under vacuum. The compound when passed 
through Sephadex G-10 column showed a large yellow band and a 
small brown band, which was discarded. The yellow compound had 
a tendency to delique:5ce in the atmosphere and probably 
underwent oxidation to yield a mixture of the mixed-valence (23) 
and the oxidised (33) products. Satisfactory microanalysis of 
the compound could not be obtained. 

2.5e [(NC)5FeNCXFe(CN)53®“ Ion (X = S or Se) . 

These species were generated in situ by the reduction of 

[ (NC)gFeNCXFe(CN) (X - S or Se) species using stoichiometric 

24 

amounts of K^[Fe(CN) g] , hydroquinone or aqueous Gr solution. 
Considerable amounts of solid compounds were also isolated using 



Sephadex gel filtation from a solution containing 1:1 
stoichiometric mi xture of Ma^ [NC) pFeNCXFe ( CN) ] and the product 
of the reaction carried out by the procedure 2.4d. The aqueous 
solution of the mixture was sorbed on to a column of Sephadex G- 
25 and with a slow enough elution rate 5-10 mL per h using water 
as the eluent, three bands were seen. The middle one when added 
to an excess of methanol and acetone mixture (4:1, v/v) yielded 
the desired prodvicts . This was washed with acetone and dried 
under vacuum. A rubidium salt was also prepared (cf.,2.5c). 

Anal, for Rbg[(CN)gFeNCSFeCCN) 5 ] -BHgO 

Calcd. C. 12.78; H, 0.97; N, 14.91. 

Obsd. C, 12.36; H, 1.84; N, 14.95. 

Rbg[(CN) 5 FeNCSeFe(CN)g] .4H2O 

Calcd. C, 12.43; H, 0.75; N, 14.50. 

Obsd. C, 12.25; H, 1.69; N, 14.21. 

All the compounds having pentacyanoferrate (II/III) units 
have a tendency to absorb moisture extensively from the 
atmosphere. Hence, they were generally .stored over calcium 
chloride in a vacuum desiccator. 

2.6 Synthesis of Compounds with Bis(bipyridine)ruthenium(II/Iir) 
Units 

2.6a [Cl(bpy) 2 Ru(NCS)] 

The compound was prepared by two different procedures: 
(i) ■ The complex C(bpy)2Ru(NO)C13 (PFg )2 (0.202 g) was dissolved 
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in acetone (20-25 ml.) and protected from light. An equimolar 

amount of KNg (0.021 g) dissolved in methanol was added dropwise 

with stirring, producing the purple solvenato complex, 

+ 81 

[ (bpy ) 2 Ru( acetone) Cl ] ' . A saturated methanolic solution of 

potassium thiocyanate was added to this and the resulting 
solution was stirred for an hour. The solution was then 
filtered into an excess of diethyl ether with stirring and the 
precipitated crude product was filtered and washed extensively 
with water to remove the unreacted potassium thiocyanate and 
then with ether. Recrystallization from CH 2 Cl 2 -ethe.r yielded a 
dark purple product (yield: 70-80%). It was further purified by 
gel filtration through Sephadex LH-20 resin as follows. A 
concentrated solution of the recrystallized product in 5-10 mL 
acetonitrile was sorbed on to the column top (50x1.5 cm), 
slowest possible elution (0.5 mL per rain) with acetonitrile: 
CHgClg (1:1 7 v/v) resolved two bands on the column. Based on 
the retention times, the compound from the major second band was 
to be the desired monomeric product. This was separated out by 
precipitation using excess of diethyl ether from the effluent; 
yield: 60%. ■ 

(ii) A suspension of cis- [ (bpy ) gRuCl,, ] . 2 H 2 O (0.1 g) in 15- 
20 mL of water Wv'is refluxed with vigorous stirring for 20-25 
min. The resulting red brown C(bpy) 2 Ru(H 2 d)Cl]^ solution was 
filtered through a fine porosity glass frit and cooled to room 
temperature. An aqueous solution (5-10 mL) of potassium 
thiocyanate (~0. 5 g) was added with stirring. A dark colored 
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crude product' which was immediately precipitated was filtered 
and washed well with water. This was purified as described in 
2.6a(i) by gel filtration through Sephadex LH-20 column. The 
band moved in major amount was eluted with acetonitrile: CHgClg 
or acetonitrile: benzene mixture (1:1, v/v) . The compound was 
precipitated from the -concentrated effluent by adding excess of 
diethyl ether. Yield: 75-85%. Another small band moved through 
the column was identified to be [ (bpy ) .-^Ru ( SON) Cl ] based on the 
position and integrated intensity of the iJCCN) band in the 
vibrational spectrum. 

Anal. -for [(bpy) 2 Ru(NCS)Cl] . 2 H 2 O 


Calcd. 

c, 

46.41; 

H, 

3.68; 

N, 

12.89; 

Cl, 

6.63; 

s. 

5.89 

Obsd. 

G, 

46.73: 

H. 

3.74; 

N, 

12.53; 

Cl. 

6.60; 

s, 

5.23 


2.6b C(bpy)2Ru(NCSe)Cl] 

The compound has been prepared by the procedures described 
in 2.6a. Potassium solenocyanate was used instead of potassium 

f 

thiocyanate, yield: ~75%. The small amount of the compound that' 
was obtained by effective gel filtration on Sephadex LH-20 was 
identified to be the corresponding Se-bonded isomer, 

[ (bpy ) gRuCSeCNlCl] . xHpO, based on the position and integrated 
intensity of the ’O(CN) band of the Se bonded selenocyanate 


group . 
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Anal. for [ (bpy ) gRuCNCSe ) Cl ] . 2H^0 


Calcd. 

C, 42.71; 

H, 

3.39; 

N, 11.86 

Calcd. 

G, 42.86; 

H, 

3.26; 

N, 12.11 


2.6c [(bpy) 2 Ru(NCS) 2 ] 

The compound was prepared by the method described by 
Fergusson and coworkers. Excess of potassium thiocyanate (~1.0 
g) with cis- [ (bpy) 2 RuCl 2 ] - 21120 (0.2 g) in 20 mL of ethanol and 
water mixture (1:1, v/v) was refluxed for 2 h. Deep purple 
crystals deposited after cooling were filtered and washed 
extensively with water. The dried crude product was 
recrystallised from CHgOl^-diethyl ether mixture. Further 
purif if ication was carried out by gel filt.ration through 
Sephadex LH-20 column.- 

C':-' 

10625Tr 

2.6d [(bpyj^EuCNOSejg] . 2 H 2 O 

The compound was synthesised by a procedure analogous to 
that described in 2.6c. However, unlike in the thiocyanate 
case, a 5“10 fold molar excess of potassium selenocyanate was 
added. The crude product was washed with water to remove the 
unreacted potassium selenocyanate. Further purification was 
carried out on a Sephadex LH- 20 column (50x1.5 cm). The major 
amount of the compound was eluted in a single band using 
acetonitrile: CHgClg (1:3, v/v) mixture as eluent. The complex 
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was separated from the concentrated eluate by adding excess of 
diethyl ether with stirring; yield: 70-80%. 

Anal . for [ (bpy ) ^Ru ( NCSe ) ^ ] . 2H.^0 

Calcd. C, 40.06;' H, 3.03; B, 12.75. 

Obsd. C. 40.38; H, 3.81; N, 12.65. 

2.6e C(bpy)2Ru(NCS)Cl]X (X" = PFg" or BPh^~ ) 

Oxidation of the corresponding Ru( II) compound was cai-z-ied 
out using Ce(IV) i.>erchl orate solution. A stoic,hiomi;it.rically 
equimolar solution of Ce(IV) was- added with stirring' to a 
solution of [ (bpy ) .-,Ru ( NOS ) Cl ] in acetone, kept in dark. The 
stirring was continued fo.r an hou.r. Excess of the anion (sodium 
tetraphenylborate or ammonium hexaf luorophosphate ) was added to 
this and the solution was filtered into a large volume of 
diethyl ether with stirring. The flocculcint purple brown to dark 
brown colored precipitate was filtered and washed extensively 
with water and then witli etdjer. The compound was recrystallised 
with acetone/diethyl ether; yield: 85-90%. The compound purity 
was further checked by passing it through Sephadex LH--20 column, 
where it showed a single bcind. 

Anal, for [ (bpy ) gRu( NCS )C1 ]BPh^ 


Calcd. 

c, 

65.37; 

H, 

4. 36; 

N, 

8.47 

Obsd . 

c, 

65.07; 

H. 

4.05; 

N, 

8,87 
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2.6f [(bpy)2Ru(NCSe)X]Y (X = Cl or SeCN ; Y" = 

PFg or BPh^ ) 

These compounds were synthesised and purified exactly as 
described in 2 . 6e . The. dark purpole colored [ (bpy ) 2 Ru(NCSe ) Cl] Y 
and red orange colored [ ( bpy ) ^Ru (NCSe ) <^3 Y 53howed satisfactory 
microanalyticai results. 

Anal . for [ ( bpy ) ^Ru ( NCSe ) Cl ] BPh . ; 


Calcd . 

C, 

61 . 

86; 

H, 

4. 

.12; 

N, 

8. 

.02 

Obsd. 

c. 

61 . 

50; 

H, 

3, 

,84; 

N, 

7 . 

. 95 

C ( bpy ) ^Ru ( NCSe ' 

iV* 

)2]BPh, 

■ 







Calcd. 

c, 

58. 

60; 

H, 

3, 

.82; 

N, 

8. 

. 92 

Obsd.- 

C, 

58 . 

O O • 

H, 

4 . 

CO 

o 

N, 

8 . 

, 66 


2.6g [Cl(bpy) 2 RuNCSRu(bpy) 2 Cl]X (X = BPh^", CIO^" or PFg ) 

An aqueous solutj.on of [ (bpy ) oR'i(Hr,0)Cl] was prepared 
from cis- [ (bpy ) ^RuCl^] . 2H,,0 as described in 2-6a(ii). To this, 
a stoichioraetrically equimolar amount of [ (bpy ) ^■Ru(NCS ) Cl ] . RHgO 
(0.1 g) in 15-20 mL of ethanol was added. The resulting mixture 
was deaerated by bubbling dinitrogen gas (10-15 min) and the 
solutioTi was refluxed 'for 2.5 h with a continual stream of 
linitrogen over the mixture. The solution was filtered into an 
iqueous solution of sodium tetraphenylborate , sodium perchlorate 
)r ammonium hexafluorophosphate. The fluGcculant red brown 
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precipitate was filtered, washed with water and dried; yield: 
90~95%. Chromcitographic purification of the complex was carried 
out using alumina column (50x3 cm). A concentrated solution of 
the crude product in acetonitrile was chairged on to the column. 
The elution was carried out using acetonitrile: CH,^C1^ or 
acetonitri le : bencene mixture (1:9, v/v) and .slowly enriching 
acetonitrile in the mixture to 2:3, v/v proportion. The major 
portion of the compound moved as a single band which was eluted 
and precipitated using exciass of diethyl ether: yield: 80--85%. 
Minor a.mount of the monomeric impurities were discarded. 

The same compound was also prepared by refluxing 2:1 
stoichiometric mixture of ci s- [ (bpy ) «RuCl r, 3 - and potassium 

iL c.^ iia 

thiocyanate- in ethcinol for 60-72 h. The crude product was 
purified by adrsorption- chromatography on aluminci column as 
described in the preceeding paragraph. 

Anal, for [Cl (bpy )2RuNC5Ru(bpy ) 2 Cl]BPh^ : 


Calcd . 

c, 

61 . 

,17; H, 

4.09; 

N, 

9.88. 

Obsd. 

C, 

61 . 

,83; H, 

4.00; 

N, 

10.21 


2 . 6h [ Cl ( bpy ) gRuNCSRu ( bpy ) gCl ] ( BPh^ ) 3 

An acetone solution (10-15 mL), of [Cl (bpy )pBuNCSRu(bpy ) 2 _ 
Cl]BPh. (100 mg) was protected from light. A solution con- 
tainirig a little more thcin stoichiometi'ically two equiva.lents of 
Ce(IV) was added with stirring and the stirring was continued 
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foi' an hour. To t?ie resulting solution excess of solid sodium 
tet.rapheny Iboi-ate waji added. The solution was then filtered 
into excess of diethyl ether with stirring whereupon a red 
orange precipitate was formed in quantitative .'yield. It was 
filtered and washed well with water (4x10 mL portions) and 
finally with ether. 

Anal, for [Cl (bpy )^RuNC5Ru(bpy ) j>Cl ] (BPh^ ) 2 = 


Calcd. C, 70.. 92 

; H, 

4.81 ; 

N, 

6 . 59 

Obsd. C, 70.58 

; K, 

5.09; 

N, 

7,00 


2.6i [Cl(bpy)2RuNCSRu(bpy)2Cl] (BPh4)2 

The mixed-valence species was prepared by either oxidizing 
■>he (22) compound with one equivalent of Ce(IV) solution or by 
lixing equimolar amounts of (22) and (33) compounds in 
icetonitrile . The tetraphenylborate salt, separated out from 
.hese solutions, was not .stable for longer periods and 
■onsistent microanalytical results could not be obtained. 

.6J [Cl(bpy)2RuNCSRu(bpy)2(NCS)]BPh4 

Fifteen millilitres of an aqueous solution of [(bpy),^~ 
u(H 20)C1]'*' was prepared from cis- [ (bpy ) gRuClg] • SHgO ( 52 mg) 
s described in 2.6a(ii). An equimolar amount of cis-[(bpy) 2 - 
^(NCS)^] in ethanol (10 mL) was added . and the resulting 
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solution was refluxed for 2 h. The solution was filtered into 
an aqueous solution of sodium tetraphenylborate . The red brown 
precipitate formed in sibout quantitative yield was filtered, 
washed successively with water and ether and dried. The 
purification was carried out as described in 2.6g. 

Anal . for [Cl (bpy ) ^RuNGSRu (hpy ) g (NCS ) 3BPh^ : 

Calcd. C, 61.06; H, 4'.01; N, 10.79. 

Obsd. C, 60.54; H, 4.20; N, 11.05. 

2.6k [Cl(bpy)2RuNCSRu(bpy)2(N02)]BPh4 

The dark brown colored acetonato complex [ (bpy) gPuC ace tone) - 
NOg)]"^ was prepared from [ (bpy ) gRu (NO) (NOg ) ] (PFg ) g (194 mg) as 
described in 2.6a(i). A stoichiometrically equimolar amount of 
[ (bpy ) (NCS ) Cl ] (136 mg) in ethanol/acetone mixture (1:1, v/v) 
(20'-25 ’mL) was added to this and the solution was refluxed for 
2-2.5 h. The resulting solution was processed as described in 
2.6j. The major dimeric p.roduct was elqted and precipitated 
using excess of diethyl eithe.r and the minor amounts of unreacted 
monomeric compounds were discarded. 

Anal, for CCl(bpy) 2 RuNGSRu(bpy) 2 (NQ 2 )]BPh^: 

Calcd. C, 60.70; H, 4.05; N. 10.90. 

Obsd. C, 60.22; H, 3.84; N, 11.09. 
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\nal. for CGI (bpy ) gRuNCSeRu (bpy ) ^Cl] (BPh^ ) ; 


Calcd. ' 

G, 59.05; 

H, 

3.94; 

N, 

9 . 54 

Ob s d . 

C, 59.64; 

H, 

4.33; 

N, 

9.02 


:.6o CCl(bpy) 2 RuNCSeRu(bpy) 2 Cl] (BPh^)^ 

It was prepared by a similar pz'ocedure as that described in 
.6h. The red orange colored colnpoimd was washed well with 
ater and ether. 

nal. for [Cl (bpy dgRnNCSeRiiCbpy ) ^Cl] (BPh^ ) ^ : 

Calcd. C, 69.22; H, 4.70; N, 6.43. 

Obsd. C, 69.70; H, 5.05; N, 6.95. 

.6p CCl(bpy)2RuNCSeRu(bpy)2Cl]^^ 

The mixed-valence compound was prepared by mixing the 

toichiometrically equimolar solutions of the complexes (22) and 

33) in acetonitriles. The tetraphenylborate salt, separated out 

f*om this solution, .showed an almost similar near infrared band 

Lth slightly reduced intensity to that of the (23) compound 

3+ 

jnernted ia si t u by the oxidation of (22) using [Fe(bpy)g] in 
;et.oni trile. 

6q CCl(bpy) 2 RuNCSeRu(bpy) 2 (NCSe)]BPh 4 

This compound was prepared by a procedure similar to that 
scribed for the synthesis of the analogous thiocyanate 
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compound ( 2 . 6 j ) . [ ( bpy ) ,,Ri.i ( NCSe ) ^ ] . 2H„0 

• -# Z. il, 

oi3-- [ fbpy)oRu(NCS)..j . 


was used instead 


of 


Anal . f or [Cl ( bpy ) .^RuNCSeRu ( bpy ) ,, ( NCSe ) ] ( EPh . ) : 

z. 4 


Calcd. 

C, 56.94; K, 


.74; 

N, 

10.06 

Obsd . 

C, 57.25; H, 

4. 

,11; 

N, 

10.50 


2.6r [Cl(bpy)2RuNCSeRu(bpy)2(N02)]BPh4 

It was pz’epared by the pi'ocedure described in 2.6k; 
[ (bpy).,Ru(NCSe)Cl] was used in the place of [ (bpy ) oRu(NCS )C1] . 

1'-. C 

Anal, for [Cl (bpy ) ^RuNCSeRu(bpy ) ^ (NO^ ) 3BPh . : 

tLt At« T! 


Calcd. C, 58.56; 

H, 

3.90; 

N, 

10.51. 

Obsd. C, 58.76; 

H, 

3.54; 

N, 

10.75. 


2.6s [Cl(bpy)2RuNCSeRu(bpy)2X] (BPh4)3 (X~ = NOg" or SeCN~) 

The oxidation of the (22) asymmetric dimers were carried 
out as described in 2.61. The products were obtained in almost 
quanti tative> yield. 

2.6t CCl(bpy)2RuNCSeRu(bpy)2X3^‘^ (X" = NO2" o SeGN~) 

The mixed-valence compounds were genrated in situ using 
Ce(IV) or CFe(bpy) 3 ]'" oxidation in acetonitrile. 



SECTION III ; LINKAGE ISOMERISM 


3.1 Introduction: 

This section deals with the results on the various linkage 
isomers synthesized in our study. 

3 . 2 Synthetic Aspects : 

N- and S/Se-bonded linkage isomers of thiocyanato-/seleno- 

cyanato complexes of almost all of the transition metals have 

been synthesized^^ and characterized by various physicochemical 

techniques such as, IR, electronic and multinuclear n.m.r. spec- 
13 15 

tral ( C and N) , ESCA studies and dipole moment measurements, 

etc. Despite this, certain aspects of the chalcogenocyanate 

11 19 

linkage isomerism still remains unanswered. ’ 

Although the simple and the classical substitution reactions 

of [ (NHg) gRuXlXg (X = Cl, Br, I) with thiocyanate/selenocyanate 

ions simultaneously generate two linkage isomers, viz., 

[(NH 3 ) 5 RuNCX]^'^ and [ (NHg ) gRuXCN]^'*' (X = S or Se) with a rela- 

14c 15c 

tively large yield of S or Se-isomers. ’ The reaction of 

[(NHg)gRuN 2 ]X 2 with thiocyanate ion gives higher yield of N-iso- 
mer (N-/S-bonded isomer yield ratio, ~ 2). Similar reaction of 
[(NH.,)KRaX]X ,5 with selenocyanate ion also yielded both the link- 


1 
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age isomers. The ratio of N-“/Se”bonded isomers in the latter 

case was approximately, 5. Recently, Jackson and coworkers^^ 

have repoted that the SCN“ anation reaction of [ (NH^ ) ^Go (OHg ) 3 

involves the heretofore unrecognized formation of the unstable S- 

bonded [ ( NH^ ) gCoSCN] , produced parallely with the N-bonded 

complex [ (NHg ) gCoNCS]^ . The kinetically formed N-/S-isomer 

ratio was found to be ca . 2.8. The formation of the S-isomer 

and its subsequent decomposition went undetected in several 

previous studies. These results emphasize the generality of the 

formation of both the linkage isomers in the NCX substitution 

reactions of the metal ion complexes. It appears that these 

reactions are kinetically controlled and the thermodynamically 

unstable linkage isomers, thus, formed during the reaction, sub- 

19 

sequently decomposes to the thermodynamically stable isomer. 


The [Fe(CN)g]^ and [(bpy)2Ru3^^ systems form the thermody- 
namically stable N-bonded isomers, as characterized by the vari- 
ous physicochemical methods. The reaction between [(bpy) 2 ClRu- 
(0H2)3^ and NCX ions though yielded both N- and S/Se-bonded 
isomer, the S or Se-bonded isomer was formed in low yields 
compared to the N-bonded one. 


3 . 3 Infrared Spectral Studies : 


Vibrational 

identifying the 
10 


es . 


spectroscopy provides a fairly conclusive way of 
linkage isomerism of chalcogenocyanate complex- 
t)(CN), iJ(CX) and J(NCX) of the 


The positions of the 



62 


coordinated chalcogenocyanates along with the integrated 
intensity of the i)(CN) band are used to determine the nature of 
linkage isomer. The data for these bands are given in Tables 4. 1 
to 4.4 and fall in the expected regions for the linkage isomers 
derived therefrom. The integrated intensity of the '})(CN) band 
of all the isomers have been determined quantitatively. 

It has been observed that the intensity of *2^(CN) band of 
[(NH2)gRuXCN3^'^ ion is much less than that of the [ (NH^) gRuNCX] 
ion. This is due to the increased contribution of the N=C-X 
forms of all the resonating structures of the NCX ions, when 
coordinated through the sulf ur/seleniura end (cf. Table 3.1), 


Table 3.1: 

Resonance Structures 

of the NCX 

ions 

(X = S/Se) 


Percentage 


C=N-X" 

~N=C=X 

2- -f 

^ N-CSX 

X = S 

76 

5 

19 

X = Se 

88 

0 

12 


which results in a decrease of the dipole moment of the ion. 
Conversely, coordination through the nitrogen end of the NCX 
ion favors an increase in the contributions of the other two 
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forms, resulting in an increase in the dipole moment of the ion. 
Assuming that a change in the magnititude of the dipole moment 
causes a corresponding change in the rate of change of the dipole 
moment during vibration, the difference in the intensity of the 

I 

bands is understandable. Further, among the two isomers, 

C (NHg ) gRuSCN] ^ and [ (NHg ) ^RuSeCN] the latter showed a much 
weaker "IICCN) band compared to that of the former. This is due t.o 
the larger contribution of NhC-X" form (cf. Table 3.1) in the 
case of X=Se than in the case of X=S. 

The integrated intensity values for the"i)(CN) band for the 
[ (bpy ) 2 CIRUNCX] moieties have been determined using Ramsay’s 
method. They are found to be in agreement with the previously 
reported values for N-bonded isomers (cf. Tables 4.3 and 4.4). 
The resonance Raman spectral studies of the compounds also 
confirmed these results (cf. Section 4.6). 


3.4 Electronic Spectral Studies : 

The electronic spectral data of the linkage isomers are 

presented in Tables 4.1, 4.6, 4.7, 4.9 and 4.11. The spectra of 

the complexes, [ (NHg) ^RuNCSe] ^ and [ (NH^ ) gRuSeCN] ^ showed 

strong intraligand bands of the coordinated selenocyanate group 

at around 220, 260 and 325 nm. The spectra for the correspond- 

14b 

ing thiocyanate analogs have been reported earlier. The bands 

having maxima at 255 and 269 nm in Se- and N-isomers, 
respectively can be attributed to the ^ transition of 
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"the SeCN ion, which is forbidden in the free ligand but may 

become allowed when bonded to the metal ion. Besides these 

bands, the Se-isomer showed additional bands with absorption 

maxima at 827, 555, 570(sh) and 395 nm while the other isomer* 

showed bands at 535 and 382 nm. The bands at 555 and 535 nm in 

Se- and N-bonded complexes, respectively, can be assigned to the 

charge transfer transition, 2Tr(NCSe) -- d"IT(Ru) , because of their 

high intensity (cf. Table 4.1). The red shift in the position of 

this LMGT band of the ,[ (NH^ ) ^RuSeCN]^^ ion compared to that of 

the [ (NHg ) gRuSCN] ion, (555 and 515 nm) could be due to the 

increasing case of oxidation of the SeCN ion. Also, the shapes 

of these bands are of interest. The Se-isomer exhibited a 

comparatively broad and unsymmetrical band while the N-isomer 

2 + 

almost Gaussian shape. In the case of the [ (NHg ) ^RuNCSe] ion, 
the microsymmetry around the metal center is closer to while 

in the Se-isomer it is Hence, the magnitude of removal of 

degeneracies of various energy levels in the N-isomer is less 

1 C O O 

than that in the Se-isomer ' and the band for the Se-isomer 

might even show a shoulder at around 570 nm. 

Though the d-d transition in Ru( III) complexes are often 
obscured due to the large ligand field parameters, the two spin- 

forbidden transitions ^t^^ and are often 

observed as shoulders. Due to the low intensities of the 
bands- at 382 and 395 nm for N- and Se-bonded isomers, these bands 
may tentatively be assigned to ligand field transitions. Further, 
the difference in the absorption maxima for the linkage isomers 
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of thiocyanate complex was found to be small, i.e., [(NH 2 )gRu- 

NCS]^ ion, 495 nm; [ ( NH^ ) j^RuSCN] ion, 515 nm. A similar trend 

has been observed for the N- and Se-bonded isomers of the 

selenocyanato complex (N-isomer, 535 nm and Se-isomer, 555 nm) . 

This suggests that the IT-bonding characteristics of both the ends 

of the chalcogenocyanates are almost similar. Similar observa- 

24 

tion has been made earlier using electrochemical methods. 

Further, the excitation of the pentaamminethiocyanato- 

Hh 

ruthenium( III ) compounds using thb 514.5 nm line of the Ar ion 
laser, yielded weak emission, the quantum yield of which could 
not be determined due to the local burning of the samples, even 
when the spinning technique was used to record the spectrum. The 
N- and S-isomers (absorption maxima 495 and 515 nm, respectively) 
showed the emission at around 666 and ,700 nm. The results of the 
electrochemical measurements of the linkage isomers of the thio- 
cyanato- and selenocyanatobis(bipyridine)ruthenium(II) complexes 
are discussed in Section 4.8. 



SECTION IV : ELECTRON TRANSFER PROPERTIES OF TEIE 


BINUCLEAR MIXED-VALENCE COMPOUNDS 


4 . 1 Introduction 

The characterization of the thiocyanato- and selenocyanato 
bridged binuclear mixed-valence complexes using various 
physicochemical methods are discussed in this section. Further, 
the electron mediation across the chalcogenocyanate bridges, as 
obtained from the Hush model calculations on these compounds, is 
discussed in details. 

4.2 Synthetic Aspects 

Pentaamminethiocyanatoruthenium( III ) ion was reacted with 

[ (NHg ) ^RuNg] at 35-45°C, whereby the binuclear complex was 

formed. The same compound was also prepared by the reduction 

2 + 

of the (33) dimer,, using aqueous Cr solution, which in turn was 
prepared from [ (NH^) gRuCOHg ) ] ^ and [ (NHg ) gRuNCS] ^ . The 
preparative routes are shown below: 

C(NH3)gRuN2]^‘*' + CNCSRuCNHg)^]^'^ — [ (NHg ) gRuNCSRuCNHg ) g] 

• 2 + 

(aq.) 

■'I 

' nI/ 

[(NH 3 )gRu(OH 2 ) ]^'^ + [SCNRuCNHg) g]^"^ ^ [(NH 3 ) gRuNCSRuCNHg) g]^"^ 
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The completely reduced species [ (NH^ ) gRuNGSRuCNH^ ) ion 

could not be prepared despite several attempts. This compound 

seems to be unstable and undergo decomposition to monomeric 

thiocyanate complex. The probable reason for this intrinsic 

instability of the ( 22 ) ion could be the weak H “bonding in the 

[Ru^^-NCS-Ru^^ ] unit. Ru(II) being a good TT-donor^^ probably 

does not find a match in the weakly *TT-accepting thiocyanate 

group, while the "spectator ligands," viz., , are also (f - 

donor. Electrochemical studies provide a conclusive evidence to 

the instability of (22) dimer. The cyclic voltammogram of the 

(33) dimer showed reduction waves for the successive reductions, 

(33) (23) and (23) --V (22). The species, though, seems to be 

stable in the cyclic voltammetric time scale, undergoes 

2 + 

decomposition to [Ru (NHg ) gSGN] in the second and third scans, 
whereby a new wave at round +0.2 V appeared at the expense of the 
signal due to (22). The wave at +0.2 V has been attributed to 
[Ru(NH 2 ) gSGN]"'’ ^ [Ru(NH 2 ) gSGN] oxidation. Another corrobo- 

rative evidence to this effect is from the higher stability of 
the C(CN) 5 FeNCXFe(GN)g]'^~ and [Gl (bpy ) 2 RuNCX.Ru(bpy ) gCl]"^ which 
were separated ( vide supra ) . ' 

The completely reduced pentacyanof errate (22) dimer, 

7 -. 

[(CN)^FeNCXFe(CN)g] was obtained when the reactants, 

Na 2 [Fe(CN)gNH 2 ] . 3 H 2 O and NGX^ , were mixed simultaneousLy in 

aqueous solution. In fact, this was an exclusive product when 

the reaction was carried out in degassed water under a dinitrogen 

69 

atmosphere. If air was bubbled instead of dinitrogen, the 
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reaction yielded all three of the (22), (23) and (33) species. 
The (22) species that is formed believed to be partially 
oxidized to (23) and (33) species. Also, remaining (22) might 
have reacted with (33) in solution to give the mixed-valence (23) 
species according to (22) + (33) ^=1 2 (23). A delay of 10-20 
min in the addition of NCX ion to the aerated aqueous solution 
of Na 2 [Fe(GN)gNH 2 ] yielded exclusively the oxidized species (33) 
with a small amount of monomeric [ (CN) ^FeNCS] , which was 

1 n 

identified by its electronic spectrum. 

Aging of the (22) solution in the atmosphere led to the 
properties of the (33) species to a considerable extent. A 
deformed band in the near IR region having somewhat lower 
intensity was observed. Hence, it was concluded that (22) 
compounds are unstable and are oxidized to (23) and (33) species 
in the course of time. The instability of (22) species can be 
attributed to the smaller 'll -acidities of NCX ions compared to 
those of cyanide ion or pyrazine. Due to the intrinsic insta- 
bility of the (22) dimer, the reduction of the (33) species seems 
to be a better pathway to synthesize the mixed-valence ions 

rather than the oxidation of the (22) species. Reduction of the 

2 + 

(33) species with hydroquinone , K^[Fe(CN)g] and aq Cr as 
reducing agents yielded the mixed-valence species. It was found 
to have two steps of reduction corresponding to molar 
stoichiometries 1:1 and 1:2 of (33) species and the reducing 
agent, resulting in blue and light yellow solutions. The pale 
yellow solution showed an electronic spectrum, which resembled 
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that of the (22) species in the case of selenocyanate and for 
thiocyanate the resemblance was not complete, suggesting partial 
decomposition. 

The composition of the (33) species in the cases of both 

thiocyanate and selenocyanate were established by Job’s method®^ 

using aqueous solutions of the reactants Na^C (CN)gFeNH 2 ] - SHgO and 

NCX ion. The reaction was very slow at a 10 ^ M concentration 

level of the reactants. Hence, solution of 10 ^ M concentration 

were used. The mixture was allowed to equilibrate in the dark 

under air. Portions of these solutions diluted to 10 ^ M 

concentration were scanned from time to time, and the limiting 

values of absorption at appropriate wave lengths were obtained. 

41 

Limiting • values of absorption were plotted as function of F 
(F = CFedDJ.^^^ACFedl)] ) , FeCII) denoting 

3- 

C ( CN) gFeCNHg ) ] ). The plots displayed a sharp maximum at F = 

0.66 for the SON ion and F = 0.68 for the' SeCN ion suggesting 

that the species absorbing at 740 and 690 nm (for the SeCN ion) 

2 - 

contains [Fe(CN)g] and NCX ion in 2:1 molar ratio. 

All the compounds except the Rb salts showed a strong 
tendency to absorb atmospheric moisture and deliquesce with 
probable decomposition. As a result, it was very difficult to 
obtain consistent microanalytical results and especially in the 
case of the (22) dimer satisfactorily reproducible results could 
not be obtained. However, the microanalytical data for the 
compounds those were obtained were consistent with the 
compositions. 



In the case of bis ( 2 , 2 ’ -bipyridine ) ruthenium complexes "the 

(22) dimer was prepared by reacting [ (bpy ) gRuCOHg )C1 or the 

solvenato [ (bpy) gRuC acetone) Cl] species with the monomeric 

C (bpy )2 RuNCXC 1] complex. The (22) species formed was separated 

out using different anions such as PF^'", BPh ”, CIO ”, Cl” and p- 

O 4 4 

toluene sulfonate. These were stable contrary to both the 
earlier cases. The mixed- valence compound prepared by the mixing 
of the (22) and (33) species (cf. Experimental Section ) 
contained considerable amounts of the unreacted (22) and (33) 
compounds. This is understandable as the comproportionation 
constant, K , for the reaction (22) + (33) = = 2(23) is low 

( vide supra ] . Hence, the ip situ genration of the (23) species 
by the oxidation of (22) moiety using Ce(IV) was preferred. A 
tetraphenylborate salt was also separated out from these 
solutions.' The extinction coefficient values calculated for the 
different bands in the electronic spectra are based on the 
molecular weight corresponding to [Cl (bpy ) 2 RuNCXRu(bpy ) gCl ] - 

The oxidations of the (22) compounds in acetone was carried 

out using a tetraphenylborate salt, whereby the difficulty of the 

interconversion of. hexaf luorophosphate salts into chloride form 

before and after the oxidation which was necessary, was averted 

in this study. This was due to solubility problems caused by the 

87 

hexaf luorophosphate anion in acetonitrile solution. 
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4.3 Infrared Spectral Studies 


IR spectra of the dimeric compounds [ (NH^ ) gRuNCSRu- 
,n+ 


(^ 9 : 3 ) 5 ] (n = 4 or 5) are similar to the ones reported 

earlier^'^^ for the monomeric complexes, viz., [ (NH„ ) p-RuNCS] 

o o 

2 + ' ■ 

and [ ( NHg ) gRuSCN] (cf. Tab 4.1) except for a slight broadening 
of the l)(CN) band in the (33) dimer, suggesting a bridging 
thiocyanate group. However, the mixed-valence (23) dimer showed 
a shift in the position along with the broadening of the n)(CN) 
band from that of the monomeric complexes. The (23) dimer 

exhibited an intense 'l)(CN) band at 2060 cm with a shoulder at 

-1 -1 
around 2090 cm the monomer exhibited the band at 2073 cm 

The broadness of this band ~ characteristic 


of the bridging thiocyanate group. 


Besides, all the 


characteristic bands due to coordinated ammonia were observed at 

— 1 R R 

around 3400, 3200, 1600, 1300, 800 and 450 cm , . ° 


The S (NH„) band at around 1300 cm ^ has been utilized by 
s 3 

55 89 

earlier workers ’ as a diagonostic for the oxidation state of 
the metal centers, in the case of [ ( NH 3 ) gRu ] (n = 2 or 3) 
complexes. This band, in general, has been observed below 1290 
cm~^ for CRu(II)(NH) 3 ] complexes while the Ru(III) analogs showed 
this at above 1320 cm~^. The observation of this band at 1300 
cm ^ in (23) dimer, viz., [ (NH 3 ) 3 RuNCSRu(NH 3 ) g]^ suggests a 

delocalized limit for the oxidation states with a average valency 

# 

Si’ 2 . 5 t on each metal center, rather than a trapped 2 t and Sc- 


heme. 
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Table 4.1: 

Vibrational and Electronic Spectral 

D.ata 

Compound 

... 1 OU 

intrared D-at-a.i' crn ) 

Electronic Spectral 

Data in nm(M crrf ) 

tICCN) i>(CX) <5(NCX) 

( X~SorSe ) 


1.[(NH3)5Ru. SeCN]^'^ 


2100w 535540 


375380 


2 . [ ( NH3 Jj- Ru 

3 . [ ( NH^ )^ Ru 
4. [(NH^)^ Ru 


NCSel^"*" 2060s 640 

2035sh 


a-<- b 



SCN] 2073 

7 9 0 

4 20 

a+ Is 



NCS] 2057 

783 

4 6 0 


827 (154 ) ; 555 ( 2200) ; 

570 ( sh) ; 395 ( w ) ; 327 ( 3900 ) 
255(12575) ; 223(s) 

535( 1450) ; 382 (121) ; 
322(3086) ; 269 (9010) ; 

215 (s) 


515(2450) 


495(3000) 


5. [ (NH,)5-RuNCS- 2060 

2093sh 


1710(33'O) 490(1700) ; 
3951 1300 ) ; 330(540) ; 
265(900) 


a , V i b r a t. i C’ n a I, t) a n d s f o r c c* o r d .1 n a t. e d N H a n cl v a. r i cj u s a n i cj n s a r e r i C’ t. given 

b , V a 1 u e s t- a k e n f o rti i' e f ■ 1 4 c ; c , s ( N H ) a p p e a r e d a t 1 3 0 0 c rri ( s e 0 t- 0 x t* V 
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Further , the marking of the relatively weak band due to the 
CS ) of the SCN group in the region 820-750 cm ^ by the broad 
and moderately intense band due to the rocking mode of NHg around 
800 cm ^ left some uncertainty in the assignment of the 7-l(CS) 
band. Although, due to the intrinsic asymmetry of the bridging 
thiocyanate group, the IR studies are not strongly evidential as 
in the cases of /l-pyz and /fc-(CN )2 complexes, the slight shift 
in the position of the 7)(CN) bands of the monomer and dimer does 
help. This shift can be attributed to the nitrogen end 

coordination of the [Ru^^^-SCN] unit on Ru(II) and is 
understandable as the U -acceptor ability of the S-bonded 

thiocynate is only slightly higher than that of the N-bonded one. 

Unlike in the case of [(NH 2 )gRu]^^ complexes, IR 
spectroscopy provides a simpler and concrete method to establish 
the oxidation states of the pentacyanof errate moieties. The 
7^(CN) frequencies of Fe(II) cyanides fall in the range 2070- 

2030 cm ^ whereas the range for Fe(III) cyanides in 2130-2090 
cm~^. The (33) and (22) compounds of the pentacyanof errate 
exhibited two bands in the cyanide stretching region 
corresponding to the bridging NCX~ and pentacyanof errate moities. 
')l(CN) of the NCX~ bridge for (22) species were observed at 

markedly lower energy compared to that of the (33) species (cf. 
Table 4.2). This might be due to larger IT -donation in (22) 
species to the LUMO of the NCX" ion, a "IT* orbital, which is 
antibonding with respect to both C-N and C-X bonds. 
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2500 2000 1800 1600 1400 1200 1000 800 600 400 200 


WAVENUMBER (Cm"'*) 

Fig. 4.1 Infrared spectra of the representative compounds. 

(a) (PPh^)g [Fe(CN)gNCSFe(CN) 5 ] -xHgO (below) and 

(b) [(C2H5)4N]g[Fe(CN)gNCSFe(CN)g3:XH20 (above) . 
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The (23) pentacyanof errate dimer exhibited t)(CN) bands 
corresponding to the bridged NCX moiety and pentacyanof errates 
in +2 and +3 oxidation states. The bands due toO)(CN) of the 
NCX moiety and [Fe (CN)^] were observed as overlapping bands 
whose halfwidth was abnormally high and could be resolved into 
two bands having absorbances at around 2050 and 2085 cm~^. 

Similarly the band due to ^(FeCN) was observed at two different 

frequencies charactreristic of [Fe^^(CN)g]^ and [Fe^^^ (ON) g] ^ 
units (Figure 4.1). The bands due to •'i) ( CX) , S (NCX) , S(FeCN) and 
T)(FeC) modes of vibrations were also obtained in their 

charactreristic frequency ranges and are given in Table 4.2, IR 
spectra of the compounds with different cations did not show any 
marked difference (+5 cm ^ ) in the positions of the various bands 
thus far discussed. 

IR spectra of the bis ( 2 , 2 ’ -bipyridine ) ruthenium complexes 
showed characteristic bands for the coordinated 2 ,2 ’ -bipyridine 
and chalcogenocyanate ions. For dinuclear complexes a shift in 
the position and broadening of the li(CN) mode of vibration 

(compared to the chalcogenocyanato monomeric complexes) were 

observed. A shift of ~30 cm ^ in the case of NCS bridging and 
of ~10 cm~^ for SeCN” bridging have been observed for the (22) 
dimers. The integrated intensity of the ^^(CN) bands exhibited a 
3-5 fold increase in its values, compared to bhose 

of the monomeric complexes. The dithiocyanato compound 
[Cl(bpy) 2 R^NCSRu(bpy) 2 NCS]BPh^ exhibited two bands at around 2160 
and 2110 cm~^ in the CN-strething region confirming the presence 
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of bridging and N bonded ‘thiocyanabe groups. ■ All the compounds 
exhibited the characteristic bands for the different anions and 
coligands like N02~ ion (Tables 4.3 and 4.4).- 

The positions of the V(CN) band in the (22) dimers do give 
a clue about the structure of the [Ru-NCX-Ru] bridge. Among the 
three possibilities of the chalcogenocyanate bridging, viz., 

M M, M. ^M and M-NCX-M, 

N 

C C 

X N 

the last possibility is the most probable one. The first and 
second possibilities could be ruled out because it should give a 
considerably low value forT^(CN) mode, as there will be extensive 
lT~backdonation from both the metal centers. The second 
possibility is especially unfavorable in the cases of 

pent acyanofer rates and bis (2, 2’ -bipyridine) ruthenium complexes as 
the "spectrator ligands" are strongly TT -acidic and under such 
circumstances the X-bonded compounds are highly unfavored. 
Thus, the positions of l)(CN) at somewhat higher frequencies viz. 
> 2110 cm"^ in all these compounds conforms well with the linear 
bridged structure. All the other characteristic bands due to 
')J(CX) and (f(NCX) modes were observed at their respective positions 
and are given in Tables 4.3 and 4.4. 

4.4 Absorption Spectral Studies 

The essential features of the thiocyanato and 
selenocyanato- complexes of the pentaammineruthenium( II/III ) 
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Table 4 . 3 


Infrared Spectral Data in cm 


a, c, d 


C(bpy)2Ru(NCS)Cl] . 2 H 2 O ^ 

C Cl ( bpy ) 2 RUNCSRU ( bpy ) 2 CI ] BPh^ 

2120(vs)® 

2150(vs)^ 

810(w) 

777® 

660 (w) 

665(w) 

4 8 5 ( vw ) 

500(w) 

430(br) 

470 (vw) 

380(m) 

435(br) 

360(w) 

365(w) 

330 (br) 

330(br) 

285(m) 

290(m) 

265(m) 

260(m) 


a, Unless otherwise stated the spectra were recorded in KBr and 
Csl disk. 


b, Water of recrystallization appeared as two. characteristic 
peaks at around 3450 and 1640 cm *. 


c, 


d, 


e, 


f, 

e, 


Peaks characteristic of the coordinated 2 , 2 ’ -bipyridine and 
the anion BPlT^ were observed in their chararcteristic posi- 
tions and are not given here. 

The various peaks at low energies are assigned to the t)(M-S), 
})(M-N) and l)(M-Cl) modes of thiocyanate and 2,2-bipyridine 
and chloro ligands. 


The integrated intensity of the i>(CN) band was 


calculated using the Ramsay’s method; 
■2 


= 12x10'^ 


cm 


‘(CN) 


value for [ (bpy ) gRuCNCS) g] is 10.1 x 10^ 


cm 


which is comparable with our value. 


= 25x10'^ M ^ cm 

The 740-800 cm~a region is masked by intense bands due to 
phenyl ring vibi^ional modes. The value was obtained from 
the Raman spectrum. 
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Table 4A ■ Infrared Spectral Data in cm 


Complex 

Bands 

[(bpy)2Ru(NCSe)2].2H20 

2120sh, 2083(s), 660, 485, 

430, 360, 290. 

3380-3500,^ 1650.^ 

C(bpy)2Ru(NCSe)Cl] . 2 H 2 O 

2123(vs), 630(w), 445(w), 

430, 375, 355, 335, 300, 290. 

3450,^ 1640.^ 

[ {Cl( bpy ) 2 RU } 2NCSe ] BPh^ 

2130(s), 627(m), 510, 485, 

430, 370, 345, 320, 290. 

C{Cl(bpy)2Ru}2NCSe](Bph4)3 

2095(s) 

[ {Cl (bpy ) 2Ru}2NCSe] (BPh ^ ) ^ 

2085(s) 


a, Spectra were recorded using KBr/CsI pellets; characteristic 
peaks due to anions and coordinated 2 , 2 ’ -bipyridine are not 
given here. 

b, Water of crystallization. 
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system are presented in Table 4.1. Apart from the intraligand 
band of the thiocyanate and selenocyanate ions, these compounds 
exhibited moderately intense charge transfer bands in the visible 
region of their spectra. 

Analogous to most of the other mixed-valence systems, the 
thiocyanate bridged binuclear complex exhibited a near-IR 
trainsition at around 1690 nm which can be attributed to the 
intervalence transfer (Fig. 4.2). The position of the absorption 
maximum of this band was found to be independent of the solvent 
parameters, as had been observed for other delocalized systems 
(Table 4.5). Ignoring the asymmetry (vide, supra) of bhe bridge, 


Table 4.5; Solvent Independent Near IR Spectral Data for 


[(NHg) 

gRuNCSRu(NH2)g]^'^ 

ion 


Solvent 

(1/n^ - 1/D)®^ 

^ ( nm ) 

max 

<6 

max 




( M ^ cm ^ ) 

HgO 

0.551 

1690 


DMF 

0.464 

1610 


Chlorobenzene 

0.254 

1600 

331 

Formamide 

0.468 

1640 
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the IT bandwidth can be calculated using Hush model and the 

values are given in Table 4.13. The experimental bandwidth is 

much less than that of the calculated band (cf. Table 4.13). The 

weak intensity, narrowness compared to the bands of other systems 

having largely trapped valences and the solvent independence of 

the absorption maximum of the band are attributred to a deloca- 
37 

lized limit rather than to trapped integral valences; i.e., in 

Robin and Day sense, the dimer can be designated as a class III 

. 39 

system . 

The d-levels for the dimer can be best described by 

molecular orbitals delocalized over both the metal centers as 

5+ . 91 

have been assumed for the [ (NH^ ) ^RuCNg )Ru (NHg ) g] dimer. 
Assuming the linearity of the bridge, i.e., SCN. , the tentative 
ordering of the molecular orbitals of the dimer in symmetry 

can be given as 

E (XZ^ + XZ2, YZ^ + YZ2) < Bg (XY^ + XYg) 

" B2 (XYj - XY2) < E (XZj - XZ2, YZ^ - YZg) < 3 T(SCN") 

with an unpaired electron in the E (XZ^ - XZ 21 YZ^ - YZg) level. 
From the above ordering the two transitions (XZ^ - XZ 2 , YZ^ 

YZo) E Bo and 311 (SCN“) may be attributed to the 

near-IR and the 490 nm CT bands, respectively (cf. Fig. 4.3) 

Tables 4.6 and 4 . 7 give the electronic spectral data 
for the pentacyanoferrateC II/III) complexes with their probable 
assignments. The electronic spectra of the binuclear 
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Table 4.6 : Electronic Spectral Data^ for Thiocyanato-bridged 
compounds [Fe(CN) gNCSFe(GN) g]”" 


Compound 

A (f ) 

max max 

Assignment 

Ref . 


(M ^cm 



n = 7 

395sh 


This worl 


325sh 

- 



285sh 




225vs 

- 


n = 6^ 

1300 (670) 

IT 

This wori 


770sh 

- 



393 (1420) 

LF, Tr(NCS) -- d-Tr(Fe) 

i 


355 (1420) 

cr(CN) -- dTT(Fe) 



325 (1700) 




280 (2150) 

Tr(CN) -- dTr(Fe) 



245 (2375) 

Tr(CN) -I d-TT(Fe) 



210 (10160) 

IL, NCS ion 


n = 5° 

715 (1600) 

2lT(NCS) — dTr(Fe) 

This worj 

412sh (1700) 

LF, Tr(CN) -- d-rr(Fe) 

■ , . i 


405 (1800) 

Tr(NCS) — dTr(Fe) 



320sh 

LF 



295 (4430) 

IL, NCS 



280 (4210) 

TTICN) — dTr(Fe) 



250 (5400) 

-[r(CN) — diriFe) 

i 


215vs 

IL, NCS ion 


CFe(CN).NCS]^' 

521 (3600) 

2Tr(NCS) -- d-Tr(Fe) 

17 


395 (520) 

LF 



350 (995) 

TTICN) — d-Tr(Fe) 



323 (1090) 

-Tr(CN) — dTT(Fe) 

I 


300 (1360) 

LF 

ii 


270 (2130) 
260 (2280) 

IKCN) — d-ir(Fe) 

[; 

1 

li 

1 

t 


a, Spectra were recorded in water solutions, 

b, Rubidium salt; 

c, Tetrabutyl ammonium salt. 
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Table 4.7 ; Electronic Spectral Data^ for Selenocyanato-bridged 
compounds [Fe (CN) ^NCSeFe (CN ) g]^" 


Compound A (6 ) Assignment Ref. 

m3.x insx 

(M ^cm 


n = 7 


n = 


6 


b 


n 


5 


c 


[Fe(CN)gNCSe]^ 


[Fe(CN)gCN- 

Fe(CN)^NH3]^ 


420(s)sh 

- 


330sh 

- 


285(-) 

- 


245(-) 



1264 (730) 

IT 


730sh 

- 


398 (1380) 

LF, Tr(NCSe) -- dTr(Fe) 

318 (1640) 
295 (2180) 

cr(CN) — 

dT(Fe) 

275 (2520) 

TT(CN) -- 

d 7 r(Fe) 

240 (3330) 



213 (12650) 

IL, NCSe“ 

ion 

690 (1750) 

2fT(NCSe) 

— dTT(Fe) 

410sh 

LF, •Tr(CN) 

-- d-rr(Fe) 

396 (2250) 

irCNCSe) - 

- dTT(Fe) 

320sh 

LF 


290 (4100) 

IL, NCSe 


248 (4510) 

•ir{CN) — _ 

dTr(Fe) 

220vs 

IL, NCSe 

ion 

598 (2180) 

2lT(NCSe) 

— dlT(Fe) 

397 (595) 

LF 


353 (870) 

"!r(CN) -- 

d'Tr(Fe) 

323 (1150) 
275 (3226) 

■^m ---- 

asdii 

625(-) 




this work 


This work 


This wori 


17 

! 


69 


a, Spectra were recorded in water solutions; 

b, Rubidium salt; 

c , Sodium salt . 


f 


I 



87 


pentacyanoferrate complexes obtained by dissolving the solid in 
aqueous solution were identical with those recorded for the 
species generated directly in solution. 


The electronic spectra of the pale yellow aqueous solution 
of the (22) species exhibited a number of shoulders below 400 nm 
(Fig. 4.4) and accurate values for their extinction coefficients 
could not be determined. The spectra of the ■ (33) species 
exhibited bands at around 715 nm and 690 nm for thiocyanate and 
selenocyanate bridged complexes, respectively. This low energy 
band showed marked dependence with the counter cation. Another 
band was observed at around 400 nm which exhibitd a low energy 
shoulder of almost equal intensity. This band, arising due to a 
LF transition in the corresponding mononuclear complex (cf. 
Tables 4.6 and 4.7) showed a marked increase in intensity, the 
reason for which could not be ascertained as similar higher 
intensity bands were observed in other pentacyanoferrate dimers 
with various bridging Itgands. ’ A tentative explanation 


could be that this band might involve contributiosn from other CT 

transitions, such as (r(CN) (Fe) . The bands at around 

700 nm in the (33) species can be attributed to 2 1I(NCX) ^2g 

(Fe)(LMCT) charge transfer. The energies of the HOMO orbitals of 
NCS“, NCSe" and CN" vary as NCS” > NCSe" > ON (the HOMO of NCSe 


ion has been assumed to follow the trend observed for NCO and 

25 

NCS ions in energy as well as symmetry) . Assuming that the 
t„ (Fe) acceptor orbitals are not perturbed very much by the TT- 
donation from the ligands, the energies of the CT band should 
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Fig. 4.4 Electronic spectra of the selenocyanato bridged 

pentacyanof errate dimers, (a) (22) dimer ( ); 

(b) (23) dimer ( ); (c) (33) dimer (- - - ). 
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vary as NCS < NCSe < CN~ . The observed behavior parallels this 
(of. Tables 4.6 and 4.7). Also, the intensity of this band is 
reduced approximately by half in the case of dimers compared to 
that of the monomers. This is a corroborative observation 
for the nature of the assigned band i.e LMCT. 

The mixed-valence (23) compounds exhibited a broad, fairly 
intense and asymmetric intervalence transfer (IT) band in the 
near'- IR at around 1300 and 1264 nm for the thiocyanato and 
selenocyanato .bridged dimers respectively (Fig. 4.5). The FWHM 
of these bands calculated using Hush model and the experimentally 
observed FWHM agreed well (cf. Table 4.13). The position of the 
absorption maxima of the IT bands showed a linear correlation 
with the solvent parameters as suggested by Hush (Table 4.8). 


Table 4.8: Solvent-Dependent Ne^r IR Spectral Data for 

[Fe(CN)gNCSeFe(CN)g]®~ ion 


Solvent 

(l/n^ - 1/D) 

A (nm) 

max 

6* 

max 

(M"^ cm"^) 

Water 

0.551 

1264 

730 

Dimethylf ormamide 

0.464 

1278 


Dimethyl sulfoxide 

0.437 

1290 


Potassium bromide 
disk 

- 

1340 


Perchloric acid 
(60%) 

- 

decomposed 
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Values of the oscillator strength of the IT band (f), the 
dipole strength (D) , the transition dipole moment (|M!) and the 
mixing coefficient (c<) were calculated by using Hush formulas 
(cf. Section 1.5) and are given in Table 4.13. A value of 7 A 
has been worked out for the distance separating the metal centers 
in the [FeNCSeFe] unit, while the value for the [FeNCSFe] is 6.85 
K and these values are flexible by 10-20%.^*^ 

The electronic spectral data for the thiocyanate- and 
selenocyanato complexes of bis ( 2 , 2 ’ -bipyridine ) ruthenium ( I I/II I ) 
are given in Tables 4.9 and 4.10. All these compounds exhibited 
bands due to intraligand Tr--Tf transitions of the coordinated 
2, 2' -bipyridine at around 290 and 240 nm. The extinction 
coefficient of the band at around 290 nm has been found to be 
25000-35000 cm”^ for mononuclear bis ( 2 , 2 ’ -bipyridine ) ruthe- 
nium(II) complexes and the value doubled and tripled, respect- 
ively for dinuclear and trinuclear complexes. The intensity of 
this band, in fact, has been used as a criterion for 

differentiating between mono-, bi- and trinuclear complexes. A 

- 1 

value of 40000-60000 M cm for the extinction coefficient of 
the 290 nm band has been observed for the dinuclear complexes 
synthesized in this study. Besides, all these compounds showed a 
strong band at the region 210-225 nm, which could involve the 
contribution from the intraligand transition of the coordinated 
thiocyanate or selenocyanate ion. 



SDectral Data for the Monomeric and Dimeric bis(bipyridine)ruthenium(ll)/(lll) 


0 fd 


•H 

w 

c 

Q) 

p 

X 


<u 

4J 

r-i 

0 


0) 

6 


0 

w 

o 

cr 



- 4 “ 


(U 

r-H 

(d 




^6 




94 


The bands due to the metal to 2 , 2 ’ -bipyridine charge trans- 
fer transition (MLCT) dTfCRu) --TT^Cbpy) and dT!(Ru) 
were observed at around 500 and 340 nm, respectively, for the 
thiocyanate complexes and at around 540 and 340 nm, for the 
selenocyanate ones. The interesting observation, however, is 
that the lowest energy MLCT in the visible region (dTT (Ru) ^ 

-rr ^ 

(bpy)) is generally broader and exhibited invariably a 
shoulder of almost equal intensity. These shoulders were 
genrally observed towards the higher energy side of the prominent 
band in monomeric complexes, while in dimers towards the lower 
energy side (Figs. 4.6 and 4.7). These shoulders were attributed 

to the dT(Ru) STT (NCX ) MLCT transition. Further, the 

prominent band corresonding to the dlT(Ru) -- (bpy) transition 

showed a solvatochromisom, as would have been expected for these 
compounds. A blue shift of about 600 cm ^ has been observed in 
going from methylene chloride to acetonitrile. Also, this band 
was found to be blue shifted in going from a monomer to dimer. 
The second MLCT band due to dlKRu) — (bpy) at around 340 nm } 

is, however, non-solvatochromic . Assignments for these various | 
MLCT bands are further justified by the resonance Raman studies [ 
( cf . Section 4.6). | 

The completely oxidized (33) dimers showed a largely blue 
shifted band as expected and values for the extinction coeffi- 
cients of the various bands increased by 2-3 folds (cf. Table 4.9 
and 4.10). 



Wavelength (nm) 


Fig. 4. 


7 Electronic spectrum of [Cl(bpy) 2 RuNCSRu(bpy) 2 (NCS) ]- 

BPh/in acetonitrile. The shoulder towards the lower 
4 

energy side is prominent and the dashed line shows the 
band profile assuming a guassian shape. 
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Fig. 4 


8 Electronic spectra of (22) ( — - — and (33) 

compounds of [Cl (bpy ) ^RuNCSRufbpy ) in 


aceto 


nitrile. 




The IT bands for (23) complexes in acetonitrile were located 
at around 950 and 945 nm, respectively for the thiocyanato- and 
selenocyanato bridged compounds (Figs. 4.9 and 4.10). The 
experimentally observed FWHM of these bands were in good agree- 
ment with the Hush model calculated FWHM (cf. Table 4.13). The 
solvatochromism associated with these bands conformed well with 
the dielectric continuum model (cf. Tables 4.11 and 4.12). A 
linear correlation of the with (l/n^ - 1/D) of the eolventa 

has been obtained for both these compounds, from which the 

and E . values were calculated (Figs. 4.11 and 4.12). As 
out 

discussed earlier, the different parameters, such as f, D, jMt 
ando<. have been calculated and are presented in Table 4.13. A 
value of ~7 A have been chosen for the distance separating the 
metal centers in the [RuNCXRu] unit.^*^ 

4.5 Emission Spectral Studies 

I 

The emission characteristics of linkage isomers of penta- 
amminethiocyanatoruthenium( III ) have been discussed in Section 

■ ' l: 

3.4. Emission properties of the 2 , 2 ’ -bipyridine complexes are 

l; 

discussed herein. Eversince the excited state redox properties 

of the simple compound [(bpy) 2 Ru] have been understood and have , 

7e-e . ! 

been utilized in photoreduction of water, there is an | 

I 

expanding interest in the emission properties of the transition 
metal -2 , 2 ’ -bipyridine complexes. Hence, an investigation of 

i 

the emission properties of the 2 , 2 ’ “bipyridine complexes ; 















Table 4.11 : Solvent Dependent NIR Spectral Data for 
[Cl (bpy ) gRuNCSRuCbpy ) 2 CI] ^ 


Solvent 

(1/n^ - 1/D)^ 

(cm 

^IT 

■1 -1, 
cm ) 

Water 

0.546 

10000 



Methanol 

0.535 

10753 



Acetonitrile 

0.528 

10638 


411 

Ethanol 

0.499 

10256 



Acetone 

0.493 

10417 


387 

N“Methyl formamide 

0.483 

10309 



Propylene carbonate 0.481 

10204 



N,N-Dimethyl 

formamide 

0.463 

10309^ 


185 

Dimethyl sulfoxide 

0.438 

10080 



a, Tetraphenylborate salt; the 

spectra obtained 

for the 

solid in 

acetonitrile was identical with that for species generated in 

3-f 

situ by rFeCbpy)^] oxidation in acetonitrile; 

Typical 

concentration 

~5 X 10 “^ M. 




b, Taken from ref 

. 65. 




c , The compound 

. decomposes in 

DMF solution as 

seen from the 


extinction coefficient value viz., 185 M ^ cm ^ . 


Table 4.12 : Solvent Dependent NIR Spectral Data for 
[Cl(bp7)2RuNCSeRu(bpy)2Cl]^'^ ^ 


Solvent ( 1/n 

^ - 1/D)^ 

(cm 

(M"^ cm 

Acetonitrile 

0.528 

10582 

450 

Acetone 

0.493 

10101 

493 

Propylene carbonate 

0.481 

10050 


N,N-Dimethyl 
f ormamide 

0.463 

9756 


Dimethyl sulfoxde 

0.438 

9346 



a, Tetraphenylborate salt; the spectra obtained for the solid in 
acetonitrile was identical with that for species generated ia 
situ by CFe(bpy) 2 ]^''’ oxidation in acetonitrile except for 
a slight decrease in the extinction coefficient. 


b, Taken from ref. 65. 



Absorbance 



600 833 

Wavelength (nm) 


Fig. 4.13 


Absorption (a) and emission (c) spectra of 
( bpy ) 2 Ru(NCS) Cl and absorption (b) and 
emission (d) spectra of Cl( boy ) 2 RvjNCSRu- 
(bpy) 2 Cl BPh^ in acetonitrile . The 
emission spectra is 457. 9nm. 



results are 


synthesized in this study was undertaken and the 
presented in the following paragraphs. 

Emission spectra for [ (bpy) 2 Ru(NCX)Cl] and [Cl(bpy) 2 Ru- 
NCXRu(bpy ) 2 Cl]BPh^ were obtained in the solid state and in 
solutions at room temperature and they are illustrated in Figs. 
4.13 and 4.14. The relevant data are presented in Table 4.14. 
The excitation sources used were Ar"*^ ion laser lines. The 
spectra were uncorrected for instrumental factors. Due to bhe 
local burning of the samples by the high power laser, "the 
evaluation of emission quantum yields presented difficulties. 
However, an upper limit of 4^ << 0.01 was obtained (cf. 
Experimental Section). Hence, these compounds seem to be weak 
emitters. A few of the observations emerged, from these studies 
are the following: 

(a) The (22) dimer emission is approximately 5-10 folds less 
than that of the monomer, i.e., the dimer emission is quenched 
considerably as compared to that of the monomer. This could be 
due to the coordination of the second [(bpy) 2 Ru]^ unit in the 
dimeric complex. The situation is somewhat similar to the 
quenching of the fluorescence observed .in the tris(4-nitro-2,2’“ 
bipyridine)ruthenium(II) complex. The tr is (2, 2’ -bipyridine) - 
ruthenium( I I ) is luminescent and when a strongly electron 
withdrawing group, such as NO 2 ” is substitued at the 4-position 
of 2 , 2 ’ -bipyridine, the IT* orbital has been found to be 
stabilized by ~3750 cm~^ . Resonance Raman studies of this 
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Table 4.13. Characteristic Parameters Calculated from IT Bands and Hush Formulas. 
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Table^.|<^'. Emission Sp€;ctral Data® 


Xe>: 

[ (bpy)^Ru 

(NCSe)Cl].2H20 

[Cl(bpy) 2 RuNCSeRu(bpy) 2 Cl]EPh^ 


*V2 

X (cm**^) 

em * 

AJ^/2 (cm'b'^ 

4 57,9 

14240 

. 2360 

13560 

2440 

476.5 

14280^ 

2500^ 

14775^ 






3220*^ 




/vyl6300sh 


514.5 

14425 

2 220 

13380 

2500 




( 14100)^ 

(2500)"^ 

a. Spectra 

were recorded using solid 

samples; error 

-1 

+ 50 cm 


b, FWHM. 

c. Spectra recorded in acetonitrile solution. 
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zed complex suggest that the excited state of the 

MLCT has a significant portion of the charge localized on the 

nitro group. Since the nitro groups are strongly coupled to the 

solvent molecules, the fluorescence of the tris (nitrobipyridine) - 

ruthenium(II) is quenched by an efficient radiationless 

deactivation of the excited state. In a binuclear complex, the 

93 

second metal center can act similarly and depending on the 

extent of coupling between the metal centers the emissive state 

can be partially or fully deactivated. Such an effect of the 

coordination of the second [(bpy) 2 Ru]^^ unit has been reported 

93 

recently by several workers. Thus, the withdrawal of electron 

density by the second [ (bpy ) unit from the first metal 

center and thereby providing pathway for an efficient 
nonradiative deactivation of the emissive state is suggested to 
be the reason for the quenching of emission for the dimers. 

(b) The emission maxima for the dimeric compounds are red 
shifted by approximately 1000 cm ^ from those of the monomeric 
compounds. This red shift is a strong evidence for the 
interaction between the metal centers via the chalcogenocyanate 
bridges . 

(c) Excitation spectra of these emissions for monomers and 
dimers suggest that within the excitation interval employed, i.e. 
514.5-457.7 nm, the excitation leads to the population of the 
same emissive state. The excitation of the selenocyanate bridged 
(22) dimer (A = 469 nm) at. 476.5 nm yielded an emission 
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spectrum at room temperature, which exhibited a clear shoulder 
(Fig. 4.15). The separation of the shoulder from the prominent 
emission maximum viz., 1500 cm ^ suggests that this might be a 
vibrational structure. The vibrational mode of the 2,2’-bipyri- 
dine ring observed at around 1480 cm ^ seems to be strongly 
coupled with the MLCT excited state and thus, it seems that the 
emissive state is localized mainly on the 2 , 2 ’ -bipyridine 
coligands. This is borne out by the solvatochromism (Table 4.14) 
associated with the emission maxima of these bands and resonance 
Raman Studies ( vide supra) . 

(d) The luminescence of the selenocyanate compounds are 
quenched by approximately 10 folds as compared to their 
thiocyanate analogs. This must be due to larger -interaction 
in selenocyanate complexes as compared to the thiocyante 
compounds (cf. Section 4.9 ). 

(e) The solvatochromism associated with the dimer emission 
was considerably larger than that of the monomer emission. 


4 . 6 Resonance Raman Spectral Studies 

Earlier studies^^"^® show that the laser excitation in the 
intense visible absorption bands of bis- and tris (polypyridyl ) - 
ruthenium(II) complexes yield detailed resonance Raman Spectra 
above 1000 cm”^, characteristic of the coordinated polypyridyl 
Excitation of [ (bpy ) gRu] using different Ar"^ ion laser 


units . 
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lines in the interval 457.9-514.5 nm that overlap the MLCT bands 

to different degrees yielded an excitation independent seven line 

characteristic pattern for the coordinated 2 , 2 ’-bipyridine 
96 

ligand. In contrast, detailed resonance Raman spectral studies, 

on a few bis(bipyridyl )ruthenium( II ) complexes having various 

diimine bridging ligands showed marked dependence on the 

excitation wave lengths. Depending on the excitation within the 

two different MLCT terminating at the Tf orbitals of the 

"spectator'' 2 , 2 ’ -bipyridine ligands and the bridging diimine the 

corresponding modes were found to be enhanced in intensity. 

Thus, an unambiguous assignment of the visible absorption bands 

93a 

in these complexes was possible. 

Such an exercise was not possible in our study, as the MLCT 
trans|.tions associated with the 2 , 2 ’ -bipyridine and the bridging 
thiocyanate and selenocyanate groups are overlapping to a large 
extent. However, excitation of the monomeric and dimeric 2,2’- 
bipyridine complexes, atleast, in two different wavelength within 
the Ar^ ion laser lines yielded convincing results. Excitation 
of [(bpylgRuCNCSICl] at 514.5 nm ('^< 5 -'^'= 485 cm"^; cf . Table 

4.15) yielded the enhancement in the intensities of the 2 , 2 ’- 
bipyridine vibrational modes along with a few low frequency modes 
attributable to "i^CRu-N) of the 2 , 2 -bipyridine unit. When the 
exciting wave length was changed to 457.9 nm = 1920 cm ^), 

the RR spectrum obtained showed bands at 2120 and 810 cm (w,br) 
along with the characteristic vibrations of 2 , 2 ’ -bipyridine, 
which were somewhat reduced in intensity. These bands at 2120 
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Table 4.15 : Resonance Raman Spectral Data-in cm 


[Ru(bpy)2(NCS)Cl] . 2 H 2 O [Cl (bpy)2RuNCSRu(bpy)2Cl]BPh4 


A = 

ex 

514.5 nm 

A = 

ex 

457.9 nm 

A = 5 1 4 . 5 nm 

ex 

- 

457.9 nm 

379 

(0.8) 

378 

(0.6) 

373 (3.4) 

375 

(3.5) 

489 

(0.8)^=* 

485 

(1.3)’’ 

487 (0.6)^ 

486 

(0.6)^ 

661 

(0.7) 

661 

(0.7) 

660 (0.6) 

663 

(0.7) 



*808 

(1.0) 

*777(br) 



1021 

(0.7) 

1020 

(0.4) 

1035 (1.8) 

1035 

(2.3) 

1035 

(0.6) 






1163 

(1.7) 

1160 

(0.8) 

1157 (2.3) 

- 1159 

(3.3) 

1265 

(0.8) 

1265 

(0.4) 

1279 (2.0) 

1280 

(3.0) 

1307 

(2.1) 

1310 

(1.1) 

1321 (3.3) 

1320 

(5.4) 

1486 

(6.1) 

1485 

(3.9) 

1482 (6.8) 

1480 

(9.2) 

1560 

(3.5) 

1558 

(2.4) 

1554 (2.9) 

1555 

(3.9) 

1606 

(2.2) 

1603 

(1.1) 

1598 (3.1) ; 

1600 

(4.9) 



*2120 

(1.2) 

*2146(w) 

— 



a, Spectra recorded using acetonitrile solutions in capillaries, 
relative intensity values in parentheses were calculated wi'th 
j-gf 0 pence to the l^(CN) band of acetonitrile. The peaks 
denoted by asterisks are due to coordinated thiocyanate ions. 

b, The peak at around 485 cm ^ is very broad. 


1.16 


Si 

Table 4.16 : Resonance Raman Spectral Data in cm 


[Ru ( bpy ) 2 ( NCSe ) Cl ] . 2 H 2 O [ Cl ( bpy ) gRuNCSeRu ( bpy ) gCl ] BPh^ 


A = 476.5 nm ^ = 457.9 nm = 476.5 nm A = 514.5 nm 

ex ex ex ex 


302 



- 


- 

326 


374 

(10) 

373 

(3.0) 

373 

(3.3) 

376 

(1.7) 

494 

(6)'= 

489 


489 

(4.0)^ 

468 

(1.0)^ 







496 

(1-0) 

1022 

(15) 

1021 

(4.1) 

1021 

(4.3) 

1020 

( 1 . 7 ) sh 







1036 

(2.2) 

1166 

(20) 

1166 

(6.0) 

1161 

(7.0) 

1160 

(4.0) 

1266 

(13) 

1265 

(5.0) 

1261 

(4.3) 

1264 

(1-6) 

1310 

(38) 

1309 

(10) 

1305 

(11) 

1307 

(3.2) 

1478 

(78) 

1480 

(21) 

1477 

(26) 

1480 

(9^9) 

1550 

(55) 

1550 

(17) 

1553 

(17) 

1556 

(5.6) 

1594 

(53) 

1593 

(15) 

1597 

(15) 

1600 

(5-0) 



>^2120 

(2.0) 



*2128 

(1 .0) (w) 

2249 

(10) 

2250 

(10) 

2251 

(10) 

2250 

(10) 


Spectra were recorded using acetonitrile solutions in 1 mm 
i.d. capillary tubes; the relative intensity values in paren- 
.^heses were calculated using the l)(CN) of CH^CN as the 
reference; the peaks denoted by asterisks are due to 
coordinated selenocyanate ions. 


b, Broad bands. 
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and 810 cm ^ were attributed to the “^(CN) & '^(CS) mode of vibra- 
brations of the coordinated thiocyanate group. The same effect 
was observed with analogous selenocyanate compound. 
[(bpy) 2 Ru(NCSe)Cl] , when excited with laser lines at 457.9 and 

476.5 nm showed enhancement in the intensity of the vibrational 
modes corresponding to the coordinated ' 2 , 2 ’ -bipyridine to 
different degrees. However, the exitation of this compound with 
457.9 nm line showed the vibrational bands corresponding to licCN) 
and 7^(CSe). These observations suggest that in these compounds 
the lowest energy CT band in the visible region corresponds to 
the d'TKRu)-'!^ (bpy) CT while, the higher energy shoulder to 
this prominent band should have considerable contributions from 
the dTTCRu) --- STfCNCX') CT. 

Similarly, excitation at 457.9 nm 

514.5 nm ( >> - 3 ) = 2545 cm of the thiocyanate bridged' (22) 

‘ o e 

dimer, [Cl (bpy ) gRuNCSRuCbpy ) 2 Cl]BPh^ yielded the enhancement in 
intensities of the vibrational modes of the coordinated 2 , 2 ’- 
bipyridine and thiocyanate groups. The excitation at 514.5 nm of 
the dimer showed weak band due to O^(CN) at 2146 cm ^ and a broad 
and weak band due to i^(CS) at around 777 cm"’^ . Analogous results 
were obtained for the selenocyanate bridged dimer, 
[ (bpy) 2 RuNCSeRu(bpy) 2 Cl]BPh^ with excitations at 476.5 and 514.5 

nm. These results suggest that the d'n(Ru) 3Tr(NCX ) CT lies 

towards the lower energy side of the prominent band in the 
dimeric complexes, i.e., the Ru — NCX" CT is red-shifted when 
going from a monomer to a NCX bridged (22) dimer (cf . section 



4,4). This suggests that the 3TT(NCX ) acceptor orbitals are 
stabilized in "bhe dimer. ^ This stabilization is a direct 
outcome of the interaction of the STT-acceptor orbitals of the 
chalcogenocyanate with the dTT-donor orbitals of the second metal 
center in the dimeric complex. 

Lack of facilities to excite these compounds at further 
higher and lower frequencies of the MLCT bands did not allow us 
to clarify this point categorically. 

4.7 Mbssbauer Spectral Studies 

The less f requently^^ ’ available Mossbauer data for the 
ligand-bridged pentacyanof errate dimers prompted us to carry out 
Mdssbauer studies on the pentacyanof errate dimers synthesized in 
this study. The Mbssbauer ( Fe) spectra for the (33) and (23) 
compounds were recorded at room temperature using polycrystalline 
samples. The values for the isomer shift (S ) quadrupole 
splitting parameter (AE^) and line width (P) were obtained by a 
least-squares fit of the experimental spectrum for Lorentaian 
line shapes. The numerical values are presented in Table 4.17. 
Though the isomer shift values of the iron centers in different 
oxidation states are in an acceptable range with the previously 
reported values , there seems to be a discrepancy in the 

values for quadrupole splitting parameters, especially In (33) 
species. These (33) compounds exhibited markedly lower values 
for HE-,. A tentative explanation is that the electric field 
gradient (q) created by the NGX" on the two iron centers might be 
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Table 4.17: Mbssbauer Data 


Compound 

5 

-1 

mm s 

-1 

mm s 

r 

-1 

mm s 

Fe^'^NCSFe^^I 

-0.126 

0.134 

0.142 

Fe^^^NCSeFe^^^ 

-0.122 

o 

o 

0.176 

Fe^^^NCSFe^^ 

-0.121 

0.0 

- 


-0.061 

1.017 

0.168 


-0 . 120 

2.024 

0.231 

Fe^^^NCSeFe^^ 

-0.120 

0.0 

- 


-0.041 

1 . 999 

0.136 


-0.093 

0.636 

0.317 


a, Values with respect to natural iron; 

b, The line could not be resolved. 




symmetric 

and 

approximately equal , 

resulting 

in 

a near i 

equivalence 

of 

the iron centers and 

hence 

lowering 

the AEq 

, 98 

values . 

The 

(23) compounds exhibited a 

pair 

of 

doublets , 


corresponding to different iron centers in the +2 and +3 
oxidation states. The samples underwent decomposition after the 
irradiation as seen from the spurious signal at around 5 = -0. 121 
mm s"^ which appeared and grew in intensity in the course of 
time. The lower intensity of this signal in the SeCN bridged 
dimer compared to that of the SCN“ bridged dimer may be 
understood in terms of the lesser stability of the SCN bridged 
(23) species as evident from the values (cf . Table 4v20) . 



4.8 Electrochemical Studies 
(a) [ (NH2)gRu3’^^ System: 

The cyclic voltammogram of the [ (NH^ ) gRuSCNRu(NHg ) 
species showed two one-electron reduction waves (Fig. 4.17) one 
having a maximum at around 0.325 V and the other around 0.575 V 
with practically no anodic peaks in the first scan (scan rate, 
120 mV s ^). The cathodic maximum around 0.575 V exhibited the 
anodic counterpart around 0.5 V after the second scan, suggesting 
quasiirreversibility of the process (E. = 0.538 V; ilE = 75 

1/2 p 

mV). After third scan, the cathodic peak around 0.325 V started 
disappearing with the appearance of a new peak around 0.2V. It 
suggested the formation of an intermediate which was possibly 
disproportionating, with one of the disproportionation products 
having ruthenium in the +3 oxidation state. The aquation of the 
electrogenerated intermediate may lead to the formation of 

O-f. 

[ (NHg )gRuSCN] . This inference is understandable by the fact 
that after the third scan the system was showing the same redox 
behavior as that of [ (NHg ) gRuSCN] . 

The equilibrium between the mixed-valence (23), completely 

oxidized (33) and completedly reduced (22) moieties is also a 

possibility if the half-wave potentials of the two one-electron 

99 

redox processes are close enough. Such an equilibrium between 
mixed-valence and (33) moities can explain the following 


tentative scheme. 
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Ru(Iir)-SCN-Ru(III) -Q^325_V__^ Ru( II ) -SCN-Ru ( I II ) 

Ru(II)-SCN-Ru(III) -Q-575_V_^ Ru ( I I ) -SCN-Ru( II ) 

Ru(II)-SCN-Ru(II) — Ru(III)-SCN 

Ru(III)-SCN — Q^2_V____^ Ru(II)-SCN 

The confirmation of such a scheme was not possible because of 
the lack of the coulometric data. Besides, the efforts to 
synthesize the (22) moiety failed and the product invariably 
decomposed to [ (NH^ ) ^RuSCN] . The instability of (22) species 
is tentatively attributed to the comparatively weaker Tf-acidities 
of the nitrogen and sulfur ends of the thiocyanate group (vide 
infra ) . . 

(b) [CN)gFe]*^" Systems: 

The cyclic • voltammograms of the NCX bridged dimers (Fig. 
4.18) were recorded in water using potassium nitrate as the 
supporting electrolyte. The results are given in Table 4.20. 
The compounds exhibited two waves corresponding to the two step 
oxidation of (22) species. The comproportionation quotients ( cf . 
Section 1.4) and the stability per mol of the mixed-valence 
species with respect to the isovalent ones were also calculated. 
The interesting feature to note is the separation of the two 
redox stages by 0.188 and 0 , 2 V for the thiocyanate and 
selenocyanate bridged dimers, respectively. 



E (millivolts vs 5CE) 

4.18 Cyclic voltammograms of the pent acyanofer rate 

(23) dimers in water solution. (a) thiocyanato 
bridged dimer (below) and (b) selneocyanato bridg 
ed dimer (above). Scan rate is 100 mV s~^. 
Values of AE for K^[Fe(CN)g] under the 

same conditions are 237.5 and 75 mV. 
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(c) [ (bpy) 2 Ru]’^^ Systems: 

The essential electrochemical redox properties of 
thiocyanate-bipyridine complexes are given in Tables 4.18 and 
4.19. The monomeric complexes, apart from the Ru(II/III) couples 
yielded a second oxidation wave and the corresponding cathodic 
part (cf. Fig. 4.19 and 4.20; Tables 4.18 and 4.19). Since, the 
ligands could not be oxidized at these potentials (0. 9-1.0 V) , 
this second oxidation is assigned to the oxidation of Ru(lil) to 
Ru(IV). Efforts to separate this Ru(IV) species by chemical 
oxidation are underway. 

The peak potentials are scane rate ( i) ) dependent. Plots 
1/2 

of AE versus l) vrere found to be linear with intercept values 

P 


ranging from 60-85 mV 

slightly larger 

than 

the 

theoretical 

values, 59 mV. Although 

there seem 

to 

be 

certain 

quasiirreversibility ’ in 

some 

of the processes 

( i /i 

pa' 

5^ 1 ) , all 
pc / 


the redox processes conform to one electron change. 

The . thiocyanate bridged dimeric (22) compound showed two 

overlapping waves with a single maximum (Fig. 4.19) for both the 

oxidation and the reduction processes, the other appearing as 

clear shoulders. The first step is reversible while the 

successive oxidation of (23) (33) seems to be quasi- 

reversible. The K value calculated using the separation between 

c 

the two redox stages is 343. 

The data for the selenocyanate complexes are given in Table 
4.19. Representative voltammograms are illustrated In Fig. 4.20. 
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+1.2 +0.8 +0.4 0 -0.4 -0.7 

Potential vs SCE 


Fig. 4,19 Cyclic voltammograms for the oxidations of 

monometic and dimeric compounds in methylene 
chloride. Supporting electrolyte, TBAP. (a) 

I bpy)2 Ru(NCS)c5 » (b) [( bpy )2 Ru(NCS) J 

(scan rate = 200 mV s”^ and (c) [bl(bpy) 2 Ru- 
NCSRu(bpy)2Cl3 BPh^ (scan rate: iOO mV s"^). 
The shoulders in the case of (c) are clearly 
visible in higher sCan rates, . 




Table 4.18 : Eleotroohemioal Data for the Bis(bfeyridlne)ruthenlum(II/III) 
r.omtilexes in Methylene Chloride 
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Current 



I I u 

0 0.4 0.8 

♦ E(V) vs SCE 


Fig. 4.20 Cyclic voltammograms (oxidative scan) of mono- 
meric, [ (bpy ) 2 Ru(NCSe)Cl] . 2 H 2 O (a) and the 
dimeric [Cl (bpy) 2 fe.uNCSeRu(bpy ) gCllBPh^ (b) and 
[Cl(bpy) 2 RuNCSRu(bpy) 2 Cl]BPh^ (c). Supporting 
electrolyte 0.1 M TBAP. (a) scan rate 100 mV s 
in methylene chloride. (b) scan rate 100 mV s^; 
in acetonitrile. (c) scan rate: 200 mV s in 
acetonitrile. The shoulder is clearly visible 


in (a). 
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The monomeric complexes [ (bpy) 2 Ru(NCSe) 2 ] . 2 H 2 O and C(bpy) 2 Ru- 
NCSeC 13 . 2 H 20 exhibited Ru( II )/Ru( III ) couple at 0 . 32 and 0 . 50 V, 
respectively. Apart from this, these compounds exhibited another 
wave at slightly more positive potentials, as have been observed 
with the corresponding thiocyanate complexes due to the Ru(III) 
to Ru(IV) oxidation. 

The peak potentials for the redox processes are scan rate 
dependent and a plot of AE^ versus is linear with intercept 

values in the range 60-80 Further, the ratio of the peak 

currents for anodic and cathodic parts of these waves 
close to unity ( ~0.9), suggesting the reversible one-electron 
nature of these redox processes. 

The electrochemistry of the dimer is interesting. It showed 
two waves corresponding to the successive (22) (23) and (23 | 

(33) oxidations that are poorly separated. The separation 
between the anodic wave corresponding to (23) -- (33) oxidation { 
and the cathodic wave corresponding to (23) -- (22) reduction, 
varied between 160-290 mV in the range of scan rates employed, 
viz., 50-400 mV 3 “^. The variation was, linear with respect to 
. The addition of the two successive bne-electron reversible ; 
steps, which are poorly separated, could show such a behavior. 

The variation of the peak current i with respect to the scan 

ir 1’ 

rate, was also examined. A plot of In ('ll) versus In (i^) was j 

linear with slope values suggesting a diffusion controlled 

The current function i^„/ was also invariant, as is 

pc 


process . 
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observed for reversible redox processes. 

However, due to the poor resolution of the two peaks, an 

accurate value for the comproportionation constant, K , could not 

c 

be obtained and only an upper limt < 350 could be predicted. 
Further, the dimer showed another two-electron wave at more 
positive potentials .( = +1.6 V). This peak is irreversible 

as evident from the absence of the cathodic part of this wave. 
However, the anologous thiocyanate compound exhibited a more 
defined wave ” 1-55 V), corresponding to a two-electron 

change (cf. Fig. 4.20). Chemical oxidations of the NCX bridged 
(22) species using four equivalents of Ce(IV) yielded a compound, 
which has probably NCX bridged Ru(IV) moiety. However, a more 
careful study is necessary to clarify this point. • 

The electrochemical studies indicate that the binuclear 
complexes undergo successive two one-electron oxidation, with the 
two oxidations occurring' within a very short potential range. 
One would then expect that longer chain polymers to exhibit 
multielectron redox propeties within a relatively shorted span of 
potentials. This may be a desirable property for utilization of 
these compounds as catalysts for multielectron transfer 
processes. As the thiocyanate ion has a larger potential as the 
bridging ligand in several linear chain and three dimensional 
polymeric transition metal complexes, the synthesis of 

appropriate thiocyanate bridged compounds , those can be used as 
multielectron transfer catalysts, could be planned in future. 



Electrochemical Data^ for the NCX Bridged Dimers 



Overlapping 
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4,9 Electron Delocalization in Chalcogenocyanate Bridged 
Binuclear Complexes 

(a) (22) complexes: 

As shown from the electrochemical studies (cf. section 4.8) 

the pentaammine ruthenium (22) dimer seems to be unstable and 

efforts to synthesize this compound failed and the product 

2 + 

invariably decomposed to [ (NHg ) gRuSCN] . The instability of the 

^ 3 + 

[ (NHg )gRuNCSRu(NH 2 ) g] species is tentatively attributed to the 

comparatively weaker TT-acidities of the nitrogen and sulfur ends 

of the thiocyanate group which are severely mismatched with the 

85 2 

strong -basicity of the [(NH 2 )gRu] unit, thereby imparting 

the Intrinsic instability to the system. However, the 

pentacyannof errate (22) dimer seems to be more stabilized, which 

3- 

might be due to the -interactions in the CFe{CN)g] unit. 
Here again the (22) dimer undergoes atmospheric oxidation in the 
course of time to yield (23) and (33) dimers. 

The bis (2, 2’ -bipyridine) ruthenium complexes showed some of 
the interesting electronic spectral features. In going from the 
monomeric [ (bpy) the dimeric [)C1 (bpy ) 2 R'^RCXRu“ 

(bpy) 2 Cl]'^ a red shift of about 3000 cm~^ (for X = S) and 3500 

cm”^) (for X = Se) have been observed for the dTT(Ru) 3Tr(NGX ) 

MLCT band. This is attributed to the stabilization of the STT - 
acceptor orbital of the chalcogenocyanate ligands due to the 
coordination of the second C(bpy) 2 Ru] unit on the free sulfur 
or selenium end of [ (bpy ) gRuCl (NCX) ] unit. Inspite, a large 
stabilization of around 7000-8000 cm due to greater inter- 
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chalcogsnocyana'te CT depletss "the charge on the metal center and 
as a result all the other M-ligand units will receive lower 
charge and vice-versa. This can cause a RR effect for all of the 
symmetric vibrational modes of the other ligands even when the 
excitation was done within a particular CT band. The closeness 
of the acceptor orbital energies of 2 , 2' -bipyridine and 
chalcogenocyanate could augment this phenomenon and thereby 
giving observed RR spectra. 

(b) (23) complexes: 

The IT band characteristics of the ligand-bridged binuclear 

mixed-valence compounds in combination with the Hush model can be 

used to evaluate the interaction between the metal centers in 

these compounds. The observed IT band for the 

[(NH 3 ) 5 RuNCSRu(NH 2 )g]^‘^ dimer is much narrower (cf. Table. 4. 13) 

compared ■fco the calculated band using Hush model. This 

narrowness of the IT band and the solvent independence suggest a 

class III picture for this compound'. However, a solvent- 

dependent IT band which was ^^25% narrower than the calculated one 

was observed for the [ (CN) gFeNCXFe(CN) g] dimers. Bands narrower 

than the calculated ones have been observed earlier for strongly 

interacting systems . Bands broader than the calculated 

45 

ones were observed for weakly interacting systems , Based on 

this, the narrowness and solvent-dependence of the IT bands for 
the chalcogenocyanate bridges pentacyanof errate dimers suggests a 
class II picture with a considerably larger delocalization of the 
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optical electron for the pentacyanof errate dimers. The IT bands 
for [Cl (bpy ) gRuNCXRu (bpy ) 2 CI 3 ^ was found to be broader than the 
calculated ones, which in combination with the solvent-dependence 
(cf. Tables 4.11 and 4.12) of these bands suggest a class II 
picture with comparatively smaller delocalization of the optical 
electron for these compounds . 

(c) Delocalization of the optical electrons: 

2 

A close scrutiny of the c 4 values for the three set of 
complexes (cf. Table 4.13) shows a drastic decrease in the extent 
of delocalization of the optical electron in going from the 
pentaammineruthenium (23) . dimer to the bis(2,2’- 

bipyridine) ruthenium (23) dimer. This decreasing trend can be 
explained by a three-site model involving the interaction of the 
dir orbitals of the metals centers and the LUMO (3Tf) orbitals of 
chalcogenocyanates . The LUMO of the bridging species (E 2 .j^(SCN) = 
-4.242 eV) can mix with the dlT orbitals of the metal center, with 
appropriate ssnnmetry- A convenient model given by Ondrechan et 
al. can be used. Among the split dlT orbitals of metal centers 
in an octahedral environment, the combination d (l)-d ( 2 ) and 

jcy Jvy 

d (l)-d (2) could interact with the degenerate 3 Tr LUMO orbitals 

xz xz 

of the NCX ion to yield a pair each of antibonding, non-bonding 
and bonding orbitals (Figs. 4.21 and 4.22). This interaction 
would give rise to "localized" metal to ligand charge transfer 
states, viz., M'^-L"-M (E^) which can "assist" the delocalization 
of the optical electron. Similarly participation of the HOMO of 
the bridging- ligand (if there is any) in the TT -bonding scheme 
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with the metal dlT orbitals can also be envisaged. This 
interaction would give rise to "localized" ligand to metal charge 
transfer states viz., (Eg) which can "assist" in the 

delocalization of the optical electron. 

Both these interactions, viz., dir(M) — LUMO (NCX~) and 
HOMO (NGX ) d7r(M) , have been recognized by earlier workers . 

— p C 

The charge distribution within the SON ion has. been calculated 
by di Sipio, Wagner and Jones and is given as 

S C ^ N di Sipio 

- 0.48 - 0.01 -. 0.5 

S C N Wagner 

- 0.45 + 0.19 - 0-.71 

S C N Jones 

- 0.54 0 - 0.46 

In all these calculations the charge on sulfur remained almost 
the same but slightly different polarities for the C=N group were 
obtained. Further, from an ESCA investigation of a few hexa- and 
tetra(thiocyanato) complexes of transition metals, it has been 
observed^"^ that donation of electrons from the thiocyanate group 
results in a considerable reduction of charge on the S atom, 
which' must be due to the interaction of the HOMO of NCS with the 
empty dlT orbitals of the transition metals. The most interesting 
observation, however, is the pronounced back-donation of 
electrons from the appropriate transition-metal ions to th? 



C-T ion NCX bridged dimer Allyl 
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filled dTT orbitals of the metal enters. Similar 
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ig. 4.22 Qualitative MO splitting diagram for the NCX 
bridged binuclear mixed-valence dimers. 
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carbon atom of the NCS ion. This back donation must be the 
result of the interaction between the filled dlT orbitals of the 
transition metal ions and the degenerate LUMO orbitals of NCS~ 
ion resulting in the growth of a considerable amount of negative 
charge on the carbon atom as is evident from the calculations of 
charge distributiosn from ESCA measurements. 

Further, the "localized" metal to ligand charge transfer 

state -M) "assisted" delocalization of the optical electron 

should decrease in going from a cT-donor nonbridging "spectator" 

ligand to TT" acceptor ones. However, the trend should be reversed 

if the delocalization of the optical electron is "assisted" by a 

“t* *” 4 R 

"localized" ligand to metal charge transfer state (M-L -M ) . 

The "localized" MLCT mechanism seems to be operative in the case 

4 8*b 

of pyrazine bridged binuclear ruthenium mixed-valence complex, 
while the “localized" LMCT mechanism has been suggested to be 
operative in the t-butyl malononitrile bridged complexes. Thus, 
the decrease in the delocalization of the optical electron in 
going from a cT-donor nonbriding ligand to a Tf-acceptor nonbridg- 
ing ligand (cf. Table 4.13) demonstrates conclusively that the 
mechanism of electron delocalization operative in these set of 

complexes is the "localized" MLCT. Or atleast it is the 

effective mechanism. However, in a quantitative calculation, as 
has been carried out for the C-T ion, one can take both the 

excitated states, viz., "localized" MLCT and LMCT, into 


consideration. 
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Other two factors those have to be considered to explain 
the delocalization of the optical electron are the energies of 
the concerned orbitals and the spatial diffusion of the metal drr 
orbitals. There seem to be more of energy matching of the LUMO 
of NCX ions with the ruthenium 4d orbitals of [(NH 2 )gRu]^^ 
unit than that with the iron 3d orbitals of [(CN)gFe]^ or the 
ruthenium 4d orbitals of [ (bpy ) gRu]’^^ unit. This might also 
contribute to the lowering of the extent of electron 
delocalization in the latter set of compounds from the former 
set. Also the smaller amount of delocalization of the optical 
electron in the cases of [ (CN) gFeNGXFe(CN) g] ^ compared to that 
of [(NH)gRuNCSRu(NH)g]'^'^ can be attributed to larger mixing of 
the ruthenium 4d orbitals due to their larger size compared to 
that of the iron 3d orbitals (Fig. 4.23). 

(d) Asymmetry of the Bridging Ligands: 

Another interesting observation is that the asymmetry of 
the chalcogenocyanate bridge is not as manifested as it might 
look from a purely chemical point of view. The chemical 
asymmetry around the metal centers of a chalcogenocyanate 
bridged binuclear complex should increase the barrier (cf . 
Section 1.5) for the electron transfer and hence the IT band is 
expected at higher energies compared to the more symmetric 
species such as C-T ion. But the IT bands in these 
chalcogenocyanate bridged species are observed at energies which 
are comparable to those of the analogous symmetric systems. This 
barrier ( ZlE^) can be qualitatively estimated for the asymmetric 
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systems from the deviation of the IT spectral bandwidth from that 
of the calculated one from the Hush model. However, the 
acceptable closeness of the observed and calculated bandwidths of 
the IT bands is suggestive of the more symmetric nature of the 
bridge. 

This can be explained by the pseudosymmetric nature of the 

TT-overlap (vide infra) . The pair of LUMO STT-acceptor orbitals on 

the chalcogenocyanate ions (cf. Fig. 4. 21) are localized mostly 

(> 92%) on the central carbon atom and the contributions from the 

end atoms, viz., N and S or Se, are meager. This has been 

27 

experimentally proved by the ESCA studies ( vide infra ) , where 
it has been found that the charge on the central carbon atom of 
the [M-N-C-S] unit decreases drastically. For example. 


S C N 

-0.45 +0.19 -0.71 

S C N Co in [Co(NCS)^]^ 

-0.25 -0.02 -0.42 +0.8 

C S Pt in [Pt(SCN)^]^ 


-0.41 


-0.35 +0.02 +0.96 
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thereby suggesting that the Tf-backbonding of transition metals 

with the LUMO of the thiocyanate ion is effectively, the 

interaction with the carbon atom of the thiocyanate ion. Thus, 

the TT-overlap in the chalcogenocyanate bridged binuclear mixed- 

valence compounds where the effective electron delocalization 

mechanism is the "localized" MLCT, could even be thought of as 

occurring on [M-C-M] unit rather than on [M-NCX-M] unit. The 

bridge is more a symmetric one rather than asymmetric. However, 

the applicability of this "pseudo symmetry" in a chemical sense 

is not clear and does not have any precedence. The small 

difference in the TT-acidities of the N- and S-bonded linkage 

24 

isomers, noted by earlier workers can be explained using this 
strategy ( vide supra ) . 


(e) TT"Bonding Properties: Thiocyanate vis-a-vis Selenocyanate 

Another worth mentioning observation is the small differ- 
ence in the TT-acceptor properties between thiocyanate and seleno- 
cyanate ions. However, the studies on the bipyridine complexes 
suggest that the selenocyanate ion has a favorable edge over the 
thiocyanate ion. 


The dlT (bpy) MLCT energies show a linear correlation 
with the first oxidation potentials of the compounds [(bpy) g- 
Ru(NCX) 23 . [ (bpy) 2 Ru(NCX)Cl] and the dimeric [Cl(bpy) 2 RuNCX- 
Ru(bpy ) ^Cl]"^ . However, the slope of the linear plot, versus 
E (cf. Fig 4.24) for the selenocyanate compounds is 
approximately four folds greater than that for the thiocyante 
complexes. This suggests that the "TT -disturbances" in the 





selenocyanate compounds are greater than that in the thiocyanate 
compounds. Studies on the linkage isomers (cf. Section III) of 
the chalcogenocyanate complexes of pentaammineruthenium( III ) 
suggest that the "jT-back bonding in [M-CNSe] unit is stronger than 
that in the [M-CNS] unit, i.e., selenocyanate seem to be a better 
iF-acid compared to thiocyanate ion. Thus, given that SeCN~ ion is 
a better lT-acid, it could compete more than thiocyanate ion could 
do with the 2 , 2 ' -bipyridine "spectator ligands" which is a good 
TT-acceptor by itself, f or TT-back donation from the metal centers. 
This, in turn, could lead to a slight destabilization of the IT - 
acceptor orbitals of the 2 , 2 ’ -bipyridine in the case of 

selenocyanate complexes. Hence, the dlT-T^ (bpy) MLGT bands in 
both C (bpy) 2 Ru(NCSe) 2 ] and [ (bpy ) 2 RuNCSeCl] are observed at 

slightly higher energies compared to those of the analogous 
thiocyanate compounds. Further, the reducibility of the metal 
centers in [(bpy)2Ru(NCSe)23 and [ (bpy) 2 RUCI 2 ] as seen from their 
Ei /2 values, viz., +0.32 and +0.29 V, respectively, is almost 
similar. In spite of this, the dlT-T^ (bpy) MLGT band for 
[(bpy) 2 Ru(NGSe) 2 ] is observed at considerably higher energy 
(493 nm) than that for [ (bpy ) gRuClg] (552 nm) . The reason 
possibly is the stronger TT-interaction of the metal centers with 
selenocyanate ion. The stronger TT-interaction destabilizes the 
Tf-acceptor orbitals on the 2 , 2 ' -bipyridine coligands due to the 
smaller amount of charge transfer and the dlT-TT^ (bpy) MLGT is 
observed at higher energy. The chloro ligands being TT-donors, 
could favorably increase the charge flow to the 2, 2’ -bipyridine 
coligands and thus the stabilization of the Tf-acceptor oribitals 



of 2 , 2 ’- bipyridine coligands is a cooperative phenomenon of tw 9 
factors: (i) the larger Tf^back donation to 2, 2’ -bipyridine in the 
absence of any other IT- acceptor ligands such as, selenocyanate 
ions (ii) the 'H’-donation of the chloro ligand to the metal 
centers, in turn increases the Tf-back donation to the bipyridine 
ring. 

Other evidences that were observed during the study for bhe 
larger 7f-interaction in case of selenocyanate ions than that in 
thiocyanate are the following: 

(i) larger values for the comproportionation constants of the 
selenocyanate (23) dimers compared to that of the thiocya- 
nate analogs (cf. Table 4.20); 

(ii) the larger quenching of the luminescence in the selenocya- 
nate compounds (cf. Section 4.5); 

(iii) the greater enhancement in intensities of the RR peaks for 
selenocyanate compounds compared to that of the their 
thiocyanate analogs (cf. Section 4.6). 

However, the greater "Tt-back bonding in [M-NCSe] unit than that 
in [M-NCS] unit could not be explained satisfactorily on the 
basis of the energies of the 3TT -acceptor orbitals of the 
chalcogenocyanate ions. The difference in the energies of the STT- 
orbitals between cyanate and thiocyanate is very small, i.e., 60 
25 ^ similar trend can be applicable for selenocyanate ion, 

which essentially means that the energy and symmetry of these 
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orbitals should give similar TT-bonding properties for both 
thiocyanate and selenocyanate ions . 


4.10 Stability of the Binuclear Mixed-Valence Compounds 

The stability of the mixed-valence species after allowance 

for statistical factors (K =4) can be attributed to several 

c 

factors, the relative contributions of which we are interested in 
(cf. Section 1.6). 




+ iG 
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coul 
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O 
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mag 


+ AG 


a 
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Among these factors, the contribution due to structural 
variations can be omitted in the case of ruthenium( II , III ) and 
iron(II,III) mixed-valence compounds as the inner-sphere 
reorganizational effects are meager, when they form robust low- 
spin octahedral complexes. Similarly, the contribution from the 
magnetic interaction can also be omitted as the bridging is 
through a triatomic species. 


AG? , ■■ This term has been evaluated in the past by Sutton and 

del 

Taube^^ for a series of weakly coupled class II mixed-valence 
compounds: 


AG 


del 


H 


AB_. 

E 

op 


However, the calculated values seems to be generally very low (1% 
of H.„) in almost all the cases. This contribution calculated 
for the chalcogenocyanate bridged mixed-valence compounds is 
~20-25 cal mol~^, which is 'far less compared to the total 
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stability of the species (a few kcal mol ^). 

^GqouI' contribution due to the purely electrostatic factors 

has also been evaluated in the past for ruthenium (23) systems 
bridged by neutral ligands on the basis of the point charge model 
in a dielectric continum and more recently on the. basis of the 

p Q a 

more sophisticated ellipsoidal model. Qualitatively, the 

repulsive forces operative between the positive charges on the 
metal centers of a dimer can be given as 

^ 2 


where x and y are the magnitudes of charges and r is the distance 

of separation between charges. For the neutral-ligand-bridged 

dimeric compounds the repulsive forces operative on (22) + (33) 

2 2 

(state A; proportional to 2 +3 =13) is 1 unit more than those 

operative on 2(23) (stabe B; proportional to 2x6= 12) and 

state B is stabilized over state A due to the smaller repulsive 
forces even when the electron delocalization is not "turned on". 
But the situation is completely different for dimers having 
anionic bridging ligands. Attractive forces are also operative 
apart from the repulsive forces in these cases. We can consider 
the dimer 
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In a qualitative sense the resultant coulombic contribution could 
be thought of as arising from the attraction between (x+) and (z-) 
of the component and (y+) and (z-) of the Mg-L^ component 

and repulsive forces between the (x+) and (y+) charges and this 
can be expressed as 

Fefj^xy/r^ " + yz/r^^J 

(positive sign for repulsive forces as they destabilize the 
system and a negative sign for attractive forces as they 
stabilize it are used in a conventional sense. ) 

State B (proportional to 2) in this case is stabilized over 

state A (proportional to 0 + 3 = 3) by the additional attractive 

forces. A value of 100-200 cal mol ^ was obtained by Taube, et 

45b 

al . , for some of the class II mixed valence compounds and it 
is expected that in the chalcogenocyanate bridged complexes this 
contribution should be more. This again falls short of the few 
kcal mol ^ total stability of these compounds. Thus, it seems 
the largest contribution to K^, is from the 

AG? , : The origin of this term is the M(II) back bonding 

“ indue 

interaction. Its consequences for both (22) and (23) must be 
taken under consideration. When a (22) species is assembled from 
bridging ligand and Ru(II) the addition of the second Ru(II) does 
not produce quite as large a dTT-T^^(L.|^) interaction as does the 
first Ru(II). In contrast when Ru(II) is added to Ru( III) 



there is stabilization because the Ru(II) interaction lowers the 
energy. This synergistic inductive effect is general for 
(23) mixed-valence dimers of all the good -donor metal ions. 

Further, it has been pointed out by Taube* that the 


intrinsic asymmetry of 

the 

bridging ligand. 

viz . 

, NCX" 

ions. 

should increase 

the 

separation between 

the 

two 

redox 

stages 

further, apart 

from 

the 

contributions 

of 

the 

Franck- 

-Condon 


barrier. In this case, the enormous increase in K values and 

c 

hence the stability of the mixed-valence species could not be 
explained in systems that are not comparatively strongly coupled 
as in our case. This apparent paradox could be solved by study- 
ing systems with strong coupling between metal centers through 
intrinsically asymmetric mediators. A probable candidate would 
be chalcogenocyanato-bridged osmium systems , where more mixing 
can be expected between the orbitals, favored by appropriate ener- 
gy and spatial diffusion conditions (cf. Fig. 4.23). 


f 


* H. Taube, personal correspondence. 



SECTION V. SUMMARY AND FUTURE DIRECTIONS 


Thiocyanate ion and chalcogenocyanates (NCO , NCS , 
NCSe and NCTe ions) in general are versatile ambidentate 
ligands. Their ambidenticity is manifested by a large number 
of linkage isomers synthesized till date. They have played a 
crusading role in solving many of the mechanistic problems of 
inorganic coordination chemistry. Furthermore, these ions 
exhibit bridging properties resulting in the synthesis of a 
large number of oligomeric and polymeric chalcogenocyanato 
bridged metal complexes where they have been recognized to be 
good mediator for electron transfer. Thiocyanate ion takes part 
in electron transfer reactions by both inner sphere and outer 
sphere mephanisms. Following the continued interest on the 

chemistry of the chalcogenocyanates and their capabilities as 
bridging ligands in di-, tri- and polynuclear complexes, an 
effort to quantify the electron mediation properties of the 
thiocyanate bridge was needed. To accomplish this, the 

synthesis and a detailed study of the thiocyanato and 

selenocyanato bridged complexes of the 8th group metals, viz. , 
Fe, Ru and Os were planned. 

As a first step, the synthesis and a detailed study of 
the mononuclear thiocyanato and selenocyanato complexes were 



undertaken. The linkage isomers such as, [ (NHg)gRuNCS]^''’ and 

C(NH 3 )gRuSCN]^'^, [(NH 3 ) gRuNCSe]^'^ and [ (NHg ) gRuSeCN] , 

C(CN)gFeNCS]^ , [Cl (bpy ) gRuNCS] and [Cl (bpy ) 2 RuSCN] and 

[Cl (bpjr) 2 RuNCSe] and [Cl (bpy ) gRuSeCN] were identified and 

characterized using vibrational spectroscopy and other 

physicochemical methods. These complexes were later reacted 

with appropriate mononuclear units ( [MLgX] where X is a 

labile ligand) to generate the discrete binuclear complexes. 

Different building blocks such as [ (NH^) gRu]”"*", [(CN)gFe]”~ and 

n*^ 

[(bpy) 2 Ru] were used in the process. 

The binuclear complexes were characterized by various 

physicochemical techniques such as, microanalytical methods, 

vibrational (IR, Raman and resonance Raman), electronic 

1 13 

(absorption and emission), n.m.r. ( H and C) and Mossbauer 
spectroscopy and electrochemical methods (cyclic voltammetry). 

All the thiocyanate- and selenocyanato bridged binuclear mixed 

* 

valence compounds exhibited fairly intense intervalence transfer 
(IT) bands (Eqn. 1): 

T t' n + 5^^ 

[LgM(II)-L^-M(III)Lg] [LgM(III)-L^-M(II)Lg]'' ..(1) 

in the near infrared region of their electronic spectra. This in 
combination with the conceptual model proposed by Hush was used 
in evaluating the electron mediation properties of the bridge. 
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A few of the several important results those emerged from 
this study are: 

( i) In the case of [ (NH 2 ) 5 MCNX]^''’, where M = Ru and Os and 
X :: S and Se and the coligands are mainly (T-donors the X-bonded 
(S or Se) isomers are favored over the N-bonded isomers. If the 

coligands are substituted by TT-acceptors , as in the cases of 

% 

[(CN)gFeCNX]^~ and [Cl(bpy ) 2 RuCNX] , the N-bonded isomer is 
favored over the X-(S or Se) bonded isomers. These results are 
in concordance with earlier studies. 


(ii) In binuclear complexes, the interaction between the 
metal centers via the chalcogenocyanate bridge is suggested to 
occur through a TT-overlap, viz., dn(M) -3X* (NCX )-dTr(M). 


(iii) The electron mediation properties of the 

chalcogenocyanate bridges in the mixed-valence compounds, as 

2 

obtained from the delocalization factor, K , are interesting. 
For example, 




iX £ SI 


C (NH 3 ) gRuNCSRuCNHg) Delocalized 

[(CN)gFeNCXFe(CN) 53 ®“ 5.3 x lO"^ 

[Cl(bpy)2RuNCXRu(bpy)2G13^'^ 1.9 x 10“^ 


5^^ IX £ Ssl 


5.0 X 10 

1.9 X 10 



The inference is that the change in the "spectator ligands" 
(from CT-donor to ■Tf“acceptor ) affects the delocalization of 

the optical electron as one would expect. A further point is 
that the interaction between the metal centers could be "tuned" 
as to our requirements by deliberately changing the nature of 
the coligands. This will have large impact on biological 
electron transfer processes, where the driving force, (a function 
of redox asymmetry) plays an important role. 

(iv) The asymmetry of the chalcogenocyanate bridge is not 

as manifested as it might look from a purely chemical point of J 

view. The reason for this could be the pseudosymmetric TT- 

overlap ( 'vide infra) . The pair of LUMO 7f5f<-acceptor orbitals on 

the chalcogenocyanate ions (311 -orbitals) are localized mostly 

' 

(>92%) on the central carbon atom and the contributions from the I 
end atoms, viz., N and S or Se, are meager. Thus, the TT-overlap 
could even be thought of as occurring on [M-C-M] unit rather 
than [M-NCX-M] unit. The bridge is more a symmetric one rather 

than asymmetric . ; 

i 

(v) The anionic nature of the bridge, NCX (X = S or Se) 
seems to increase the stability of the mixed-valence species 
(cf. Table) by a favorably higher contribution from the 
electrostatic factors to the total free energy change of the | 

I I 

comproportionation reaction, ^^.^.ot “ ^^es ^ ■ ^del ^ j 

<1 0 , ^ J 

AG r , + + AG » J 4- i 

•^ struct mag induct j 

■ I 
'I 

(vi) The difference between thiocyanate and selenocyanate j 

j 

for the TT-acceptor properties are concerned is very 


ions , 


as 


small. However, the available evidences suggest that the 
selenocyanate ion has a favorable edge over the thiocyanate ion. 

(vii) The electrochemical studies of the binuclear 
complexes show that the successive two one-electron redox 
processes occur within a short range of potential. This may be a 
desirable property, as, now one could imagine the thiocyanate 
bridged polymeric coordination compounds to exhibit a 
multielectron redox process within a short range of potential and 
this is a primary requirement for any compound to act as an 
electrocatalyst for multielectron redox processes such as 
photodissociation of water, etc. As the thiocyanate ion acts as 
the bridging species in one-, two- and three dimensional networks 
of coordination complexes, the synthesis of the appropriate 
polymeric compounds could be planned in future. 

Apart from the several obvious extensions of this work 
such as, chalcogenocyanate-osmium chemistry (which could not be 
completed) and chalcogenocyanate bridged mixed-metal complexes, 
there seem to be several things that can be probed in future. 
For example, 

(i) the implications of the findings reported in this thesis 
on biological electron transport processes; 

(ii) implications on the chalcogenocyanate bridged polymeric 
complexes; 

chemical implications of the pseudbsymmetry discussed for 
the chalcogenocyanate ions; 


(iii) 
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(iv) catalytic utility of the 2 , 2 ’ -bipyridine complexes 
inmultielectron transfer processes such as, "water-oxida- 
tion," "nitrogen-reduction," etc. 

Thus, "at this stage, it would be premature to attribute 
the differences to effects of the kind we are looking for, but 
it would be equally premature to give up the search" — Henry 
Taube . 

* H. Taube, Ref. ■) o3 
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